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 Abstract 
Coral reefs are under natural and anthropogenic threat globally, with evidence of decline 
accumulating as the impact of humans becomes more widespread, diverse and frequent. The 
magnitude, timing and drivers of decline are best understood through a broad historical perspective, as 
emphasised in this thesis. On the Great Barrier Reef (GBR) the intensification of land use ~1850 CE, 
following European settlement, resulted in a five to tenfold increase in sediment delivery to the GBR 
lagoon. Unprecedented changes of this kind have the potential to cause ecosystem collapse, similar to that 
documented in the Caribbean. Lack of information on drivers of change at multiple spatial and temporal 
scales impedes coral reef management, particularly in the southern GBR region, where ecological 
studies are scarce and rarely span more than a few decades. 
To help address this knowledge gap, the thesis examines the ecology of a coral reef system in the 
inshore southern GBR subject to natural and anthropogenic stress in the context of its range of natural 
variability over millennial timescales. The three major aims are: (a) to evaluate the suitability of this 
reef system to serve as a refugium for reef organisms further north that are escaping a warming ocean; 
(b) to test for equal vertical accretion rates through space, across local reef habitats, and through time, 
over millennial timescales; and, (c) to test for persistent reef-building coral community structure 
across the mid-Holocene (8–4 ka), the late-Holocene (4–0 ka) and the modern time interval (live 
coral), and to assess the relative importance of stochastic versus deterministic processes of 
community assembly. Supporting data were collected from three reefs in the northern Keppel Islands—
from the inshore southern GBR—using benthic surveys of live reef-building coral communities and 
palaeoecological and geomorphological analysis of 33 cores collected through the reef framework. 
The cores were dated using 154 Uranium-Thorium age determinations and spanned 7.5 ka to the 
present. 
The resulting information has substantial application. Reefs in the northern Keppels display 
attributes such as reef-building capacity and persistence of Acropora corals over millennial timescales 
that are desirable for a climate refugium, suggesting they may provide suitable shelter as species’ 
ranges expand south along the eastern coast of Australia. In addition, documenting the variability in 
accretion rates across reef habitats and over time aids in predicting the overall accretion potential of a 
reef system in the face of anthropogenic impact. In the Keppels, accretion rates as well as reef-building 
coral community structure varied significantly across reef environments during the mid- to late-Holocene 
intervals in response to large-scale, long-term natural environmental change. By contrast, other factors came 
into play in their variability in community structure from 7.5 ka to modern times. Stochastic processes became 
more important than deterministic processes in driving community assembly during this period. Overall, the 
community structure of the these reefs shows no sign of anthropogenic degradation, which indicates the 
 importance of recognizing regional variability in the current ecological condition of individual reefs with 
respect to their range of natural variability. Using the conceptual framework of the range of natural 
variability in ecosystem attributes, and by integrating the disciplines of geochemistry, 
geomorphology, palaeontology and ecology, this thesis advances our understanding of the 
conservation value, the accretion potential and the community ecology of three reefs in the northern 
Keppel Islands. 
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1 General Introduction 
1.1 Disentangling Natural from Anthropogenic Causes of Variation in Ecosystem Attributes 
Most information on the variability of ecosystem attributes, such as community structure and 
species diversity, refers to modern ecosystems and rarely spans more than a century. This framework 
of analysis is problematic when assessing the causes of such variability. Where ecosystems are supported by 
long-lived organisms (such as reef-building corals), short-term information provides a limited 
understanding of human impacts because because of the separating natural and anthropogenic causes 
of variation in ecosystem attributes. At the same time, long-term records of ecosystem variability (> 
100 years) may be difficult (or impossible) to obtain for many ecosystems or organisms whose 
remains do not preserve well. For these and other reasons, reef-building corals (Scleractinia) present an 
ideal organism to study the long-term impacts of natural and human pressures on ecosystem attributes 
as they respond quickly to environmental changes (i.e., are sensitive to perturbation) and leave a good 
fossil record (Pandolfi &  Minchin, 1996). Reef-building corals are the dominant constituent of coral 
reef ecosystems and create the framework of large and complex habitats, hosting biota that are among 
the most diverse on earth (Birkeland, 1997). Coral reefs also provide valuable services including food 
and coastal protection from erosion and storm damage (Moberg &  Folke, 1999; Wilkinson, 2008). 
Coral reefs are valuable assets to human societies but are declining worldwide (Hughes et al., 
2003; Pandolfi et al., 2003; Wilkinson, 2008). Although the start of global coral reef degradation has 
varied geographically, most reef ecosystems were substantially degraded by 1900 and this phenomenon 
has been linked to the timing of human alteration (Jackson et al., 2001). Overfishing is the only 
reasonable explanation for the earliest decline (Jackson et al., 2001; Pandolfi et al., 2003), which was 
subsequently worsened by pollution from land use (Cramer et al., 2012; Lybolt et al., 2011; Roff et 
al., 2013). Since the 1980s, disease and coral bleaching have caused the decline to reach a precipitous 
level (Glynn, 1984; Hughes, 1994). These cumulative drivers of ecosystem degradation together with 
increased habitat fragmentation, have the potential to reduce coral reef resilience (Bellwood et al., 
2004) and increase susceptibility to climate change (Bellwood et al., 2004; Hughes et al., 2003). 
Better understanding of the long-term response of reef-building corals to natural and anthropogenic 
environmental variations should make it easier to predict the capacity of coral reefs to continue to 
sustain human pressures and help human societies to adapt accordingly. 
Furthermore, details of the range of natural variability in ecosystem attributes in relation to past 
environmental conditions can help predict long-term ecosystem outcomes in the face of human 
impacts (Pandolfi, 2011). 
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When ecosystem management relies on evidence over a limited temporal-scale, it becomes vulnerable 
to the “shifting baseline syndrome” (Pauly, 1995) whereby each new human generation redefines 
“natural” or “pristine” ecosystems on the basis of their own experience. This problem can be overcome 
by comparing the range of natural variability in ecosystem properties from before and after the onset 
of human impact. Despite its utility, the natural range of variability has only recently been used as a 
tool to assess human impacts in coral reefs (Lybolt et al., 2011; Pandolfi et al., 2003), with few 
applications in the Great Barrier Reef in Australia (Perry et al., 2009; Perry et al., 2008; Roff et al., 
2013). 
Consequently, this thesis moves further in applying this tool in order to help close three major information 
gaps (with a chapter devoted to each, as noted in the section “Aims and Thesis Outline”) concerning coral 
reef ecosystem attributes. 
1.1.1 Suitable Temperature Refugia for Coral Reefs 
As climate changes and oceans warm, it is vital to identify coral reef habitats in relatively 
cooler high-latitude regions, where tropical species may shelter. According to a modelling 
experiment, coral reefs of the southern Great Barrier Reef (GBR) region may have the highest 
capacity to delay the effects of global warming worldwide (van Hooidonk et al., 2013). In the view 
of rapid recovery of coral cover to pre-disturbance levels documented following major flooding and 
bleaching events, reefs in the Keppel Islands (southern GBR) are thought to be potentially good 
refugia (Diaz-Pulido et al., 2009; Jones et al., 2011; Van Woesik et al., 1995). Although the Keppel 
reefs lie in the tropics they represent the high-latitude limit for reef accretion within the inshore 
southern GBR; therefore, the term “high-latitude” in the present context refers to their geographic 
location relative to the rest of the GBR rather than their position relative to the poles. 
Evidence from Moreton Bay, ~4º south of the GBR, indicates that the long-term history of 
reef development may be a key factor for evaluating the refugium potential of high-latitude reefs 
(Lybolt et al., 2011). While historical studies of high latitude reefs explicitly and over millennial 
timescales are considered essential to identifying refugium potential and improving their management 
(Beger et al., 2014), no such studies exist within the GBR. 
1.1.2 Temporal and Spatial Variability in Coral Reef Accretion Rates 
Information on the variability in reef accretion in time and space may help predict the overall 
reef-building potential of a given reef system in the face of anthropogenic regional and global 
impacts, such as catchment pollution and climate change. Reef accretion rates may vary across (a) 
millennial time-intervals associated with different large-scale environmental conditions, and (b) local 
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reef habitats experiencing apparently the same regional and global environmental forces. On the 
GBR, reef flat habitats have been shown to accrete at reduced rates during the late-Holocene (4-0 ka) 
compared with the mid-Holocene (8-4 ka) (Hopley et al., 2007; Smithers et al., 2006). In contrast, 
reef slope habitats from the central GBR have been shown to accrete at rapid rates in the past 1 ka, 
comparable to accretion rates from reef flats during the mid-Holocene (Perry et al., 2012; Roff et al., 
2015). 
However, the variability in accretion rates between reef flat and reef slope habitats remains 
unclear because the available evidence is not fully comparable. The problem is that no data exist for 
reef flat and slope habitats of the same reefs, and the temporal overlap between evidence from both 
reef environments is largely incomplete; simultaneous evidence from reef flat and slope environments 
is limited to the past 1 ka  (Hopley et al., 2007; Perry et al., 2012; Roff et al., 2015). 
1.1.3 Temporal Variability in Coral Community Structure 
Substantially different degrees of variability in coral reef-building community structure are 
evident from long- versus short-term records (Pandolfi, 2002). The late-Pleistocene fossil record from 
Barbados and Papua New Guinea has revealed persistent reef-building coral community structure 
over hundreds of thousands of years (Pandolfi, 1996; Pandolfi &  Jackson, 2006). Similarly, persistent 
coral communities have been documented in the late-Holocene record from Belize (Aronson &  
Precht, 1997), Panama (Aronson et al., 2004) and eastern Australia (Lybolt et al., 2011; Roff et al., 
2013) over millennial timescales. In marked contrast, coral community structure from modern reefs 
has changed in ways not evident in the geological record, since the relatively recent human impact 
began (Aronson et al., 2004; Aronson &  Precht, 1997; Lybolt et al., 2011; Pandolfi, 1996; Pandolfi 
&  Jackson, 2006; Roff et al., 2013). This contrast suggests that modern reefs represent “novel 
ecosystems” that result from human impact (Graham et al., 2014). 
On the GBR, the mid-Holocene fossil record, from 8 to 0 ka, is particularly useful as this time 
interval encompasses the development of most reefs in the GBR (Hopley et al., 2007); it also features 
a range of environmental conditions helpful to contextualing projections for the next few decades 
(Battarbee &  Binney, 2008; Stocker et al., 2014; Walker et al., 2012). So far, however, it has been 
difficult to disentangle natural from human-induced variability in reef-building coral community 
structure in the GBR because the available data is scarce and offers poor resolution of the interval 
from ~8 ka to the present (Perry et al., 2009; Perry et al., 2008; Roff et al., 2013). 
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1.2 The GBR Records Long-Term Environmental Change and Recent 
Anthropogenic Impact 
The GBR in Australia is a valuable record of reef ecology, geomorphology and environmental 
variability that dates back several millennia before human impact began. The GBR is also the largest 
continuous coral reef system on earth; it extends 15º of latitude (~2300 km), covers 348,000 km2, and 
is comprised of around 2400 mid- and outer-shelf reefs plus approximately 600 inshore fringing and 
patch reefs (Hopley et al., 2007). Most reef growth occurred in the Holocene upon Pleistocene 
foundations, between 8 and 5 ka after sea-level stabilised around its current position but some reefs 
continued to accrete until the present day, often building reef flats up to sea-level (Hopley et al., 
2007). Reef growth generally decreased as environmental variability increased from the mid- (8–4 
ka) to late-Holocene (4–0 ka), coinciding with a generally lower and more variable sea-level (Lewis 
et al., 2008), and with enhanced El Niño Southern Oscillation (ENSO) and Pacific Decadal 
Oscillation (PDO) occurrences (Barron &  Anderson, 2011; Moy et al., 2002). 
Over the past couple of centuries, human-based influences have exerted considerable pressure on 
the GBR´s coral reefs. Following European settlement in Queensland, human alteration (since the 
early–18th century) involved extensive land clearing, which increased erosion and resulted in a five-
to-tenfold increase in sediment delivery into the GBR lagoon (McCulloch et al., 2003; Neil et al., 
2002). The subsequent reduction in water quality caused coral cover, diversity and richness, as well 
as recruitment to decline (Fabricius, 2005; Golbuu et al., 2011), leaving coral dominated communities 
at greater risk of becoming dominated by macro-algae (Albert et al., 2008). Climate change poses 
another great threat to coral reefs and has already led to massive coral mortality and shifts to new 
benthic assemblages, predominantly through coral bleaching induced by thermal-stress (corals 
become white due to the loss of obligate photosynthetic symbionts from their tissues; which in turn 
lowers levels of energy/resources) (Graham et al., 2015). Climate change can also elevate carbon 
dioxide emissions, which lead to ocean acidification and are implicated in reduced coral calcification 
in the GBR since 1990 (Cooper et al., 2008; De'ath et al., 2009). Just as human alteration and impact 
vary in regions adjoining the GBR, regional and global anthropogenic pressures vary in different 
regions of the GBR (Schaffelke et al., 2012; Waterhouse et al., 2012; Wooldridge  et al., 2006). 
1.3 Coral Reefs in the Keppel Islands 
Inshore GBR reefs adjoining the highly degraded river catchments of the central and southern 
GBR experience the combined impact of regional terrestrial runoff, and of coral bleaching and ocean 
acidification resulting from global climate change (Wooldridge et al., 2006). The Burdekin and 
Fitzroy river catchments, in the central and southern GBR, respectively, have been considered at 
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medium-high risk of pollutants from agricultural land use, in comoparison with other GBR regions 
(Waterhouse et al., 2012). A palaeoecological study of reefs in the Palm Islands, adjacent to the 
Burdekin catchment in the inshore central GBR, has shown unequivocal evidence of human-induced 
reef decline (Roff et al., 2013). No millennial-scale study is available from reefs in the Keppel Islands, 
adjacent to the Fitzroy catchment in the inshore southern GBR. 
The Keppel Islands region lies approximately on the tropic of Capricorn at the southern limit 
of the Central Indo-Pacific marine realm. It is part of the same tropical ecoregion as the central GBR 
and is north of the subtropical Tweed–Moreton ecoregion (Beger et al., 2014; Spalding et al., 2007). 
Keppel Bay (23º10´S, 151º00´E, Figure 2-1) encompasses the 16 small (<1500 ha) continental Keppel 
Islands. This area is an ancient flood plain that became inundated following a rise in sea-level around 
9 ka and was in-filled with sediment from the Fitzroy River (Hopley, 1982). The bay is approximately 
20 m deep, extends 20 km offshore (Webster &  Ford, 2010), supports three coastal towns and is an 
estuary of one of the largest rivers along the Queensland coast, the Fitzroy River. 
The Fitzroy River drains the largest catchment (142,500 km2) adjoining the GBR and second 
largest in Australia (Rolfe et al., 2006). It represents the second largest source of sediment influxes 
entering the GBR lagoon (second to the Burdekin River in the central GBR) and is the main source 
of sediment load to the southern GBR (over 2,000,000 tons annually). While most sediments 
accumulate at the river mouth and along the coast, flood plumes driven by intense rain events tend to 
be pushed towards the reefs (15–45 km North) by the prevailing south-easterly winds and the Coriolis 
force (Bostock et al., 2007). The number and extent of reefs, in the Keppels is exceptionally high 
compared with other fringing reefs on the inshore southern GBR (Hopley et al., 2007). Hyposaline 
seawater and increased sediments can affect vulnerable coral taxa, especially members of the genus 
Acropora (Van Woesik et al., 1995), and influence coral reef development and long-term coral 
community structure (Browne et al., 2012; Kleypas, 1996). Large flood plumes occur about once 
every 10 years, but chronic high-turbidity can result from sediment re-suspension caused by wind and 
tides (Webster &  Ford, 2010). 
In 2010, live coral cover on both the reef flat and reef slope habitats from the Keppels ranged 
from 30 to 70%, with ~40 species at 19 sites on average, and was largely dominated by branching 
Acropora spp. (Jones et al., 2011). Acropora corals are the principal reef builders of the GBR; they 
are key to maintaining habitat complexity and important for supporting other reef organisms including 
fish (Pratchett et al., 2011). More complex reefs have recently been found to be more likely to recover 
from coral bleaching (Graham et al., 2015; Graham &  Nash, 2013). Acropora corals from the 
Keppels suffered massive bleaching and mortality in 2006 but recovered rapidly (Diaz-Pulido et al., 
2009; Weeks et al., 2008). Acropora spp. were the main constituent of Holocene reefs in the central 
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GBR and Moreton Bay, approximately 600 km north and 400 km south from the Keppels, 
respectively (Lybolt et al., 2011; Roff et al., 2013). 
While reefs in the Keppels are increasingly attracting scientific attention, most studies focus 
on modern ecosystem dynamics (Jones &  Berkelmans, 2014; Van Woesik, 1991; Williamson et al., 
2014). Historical investigations dating back several decades are extremely rare (e.g., 90-year record 
by Rodriguez-Ramirez et al., 2014), and none cover millennial timescales. 
In summary, coral reefs in the Keppels (a) lay adjacent to the largest and one of the most 
degraded river catchments discharging into the GBR; (b) show high reef development relative to the 
southern GBR; (c) have diverse coral assemblages, dominated by keystone Acropora spp.; (d) show 
good capacity to recover from bleaching; but (e) lack millennial scale palaeoecological studies. Thus 
the Keppel reefs provide an excellent natural laboratory for the examination of long-term ecological 
and geomorphological attributes of coral reefs under the influence of natural and 
anthropogenic impacts. This thesis provides the results of just such a study, focusing specifically on 
North Keppel, Middle and Halfway reefs (“northern Keppels” for short; Figure 2-1) and spanning the 
interval from 7.5 ka to the present day. 
1.4 Aims and Thesis Outline 
The goal of this thesis is to evaluate the dynamics of a coral reef system subject to 
environmental pressures from natural and human sources, in the context of its natural variability over 
millennial timescales. In particular, it treats the variation, in time and space, of attributes of coral 
reefs relevant to their provision of ecosystem services. The discussion therefore covers three main topics: 
the Keppel system’s refugium potential, accretion rates across its reef habitats over millennial timescales, and 
the relative importance of stochastic versus deterministic processes of community assembly. It draws on 
evidence from 33 cores through the reef framework and 154 Uranium-Thorium age determinations spanning 
7.5 ka to the present day. 
Chapter 2 (“Suitable Refugium for Corals Identified in the Southern Great Barrier Reef”) 
takes up the first question: the suitability of a reef system at the high-latitude margin of the inshore 
GBR to serve as a refugium for reef organisms escaping a warming ocean. This is the first time that 
such an assessment in the GBR is based on the natural range of environmental variability of the region 
and the ecological variability of reef-building corals over millennial timescales. Identifying potential 
refugia is a conservation priority and can help allocate limited management resources more efficiently 
(Beger et al., 2014). By examining the age-to-elevation relationship in reef framework cores we 
compare the timing and extent of reef development in the northern Keppels with previous evidence 
from the northern, central and southern GBR and with the sub-tropical coral communities in the 
Moreton Bay area. Further, analysis of the taxonomic identity and the relative biomass of the different 
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reef-building coral genera in the cores allowed us to test for persistent Acropora-dominated 
assemblages through time. Our findings indicate that these reefs display attributes, such as reef-
building capacity and persistence of Acropora corals over millennial timescales that are desirable for 
a climate refugium, suggesting they may provide suitable shelter as the range of various species 
moves south along the eastern coast of Australia, forced by ocean warming. 
Chapter 3 [“A Record of Holocene Reef Accretion (7.5 ka–Present) from the Inshore Southern 
Great Barrier Reef”] examines equal vertical accretion rates through space, across local reef habitats, 
and through time, over millennial timescales. Understanding how different reef habitats responded to 
past environmental changes may help predict the accretion potential of reef systems in the face of 
regional and global human pressures such as increased sediment loads and sea-level rise as a result 
of climate change (Stocker et al., 2014). We calculated the average accretion rate in sediment cores 
using a linear-regression model fit to the age and elevation data, and tested for changes in average 
accretion rates over time, between the mid- and the late-Holocene, and across space, between reef flat 
and reef slope habitats. Our findings indicate substantial variability in accretion rates from the mid- 
to the late-Holocene, and across reef habitats in each of the mid- and late-Holocene time periods. This 
spatiotemporal variability is associated with large-scale, long-term, natural environmental variability, 
and the local-scale effect of water depth. 
Chapter 4 [“A Holocene Record (7.5 ka–Present) of Variable Coral Community Structure 
from the Southern Great Barrier Reef”] considers persistent reef-building coral community structure 
across the mid-Holocene, the late-Holocene and the modern (live coral), and evaluates the relative 
importance of stochastic versus deterministic processes of community assembly. This is also the first 
time the underlying mechanisms of coral community assembly are examined over millennial 
timescales in the GBR. It is essential to determine whether modern community structure fits within 
the range of natural variability or represents an unprecedented state since the onset of human impact 
in order to identify the ultimate causes of ecological variation (Pandolfi, 2011). Further, the 
mechanisms that drive ecological variation provide the basis for predicting which and how many 
species may occur in a particular community (Chase, 2003). 
Therefore this part of the study tested for similarity in the taxonomic structure (genus level) 
in reef-building coral communities across the mid-Holocene, the late-Holocene and the modern, 
based on the relative abundance of fossil corals within the reef framework cores and live corals along 
benthic photographic transects. Further, we tested whether the variation in community structure from 
site-to-site varied across time intervals and compared these results to null expectations. We found 
significant variation in community structure associated with natural large-scale environmental change 
from the mid- to the late-Holocene and from the mid-Holocene to the modern, but not from the late-
Holocene to the modern, with community assembly predominantly occurring via stochastic 
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mechanisms. The results fail to indicate severe anthropogenic degradation of modern reefs in the 
northern Keppels. 
Finally, chapter 5 presents the main findings of this thesis, and identifies and demonstrates 
their implications, both in theory and in practice. It also points out the limitations of this work by 
virtue of its scope and methodologies, suggesting future directions for research and ways to extend 
the scope of any such future studies. 
Data from this work provide the highest-latitude record of coral reef ecology and 
geomorphology from the inshore GBR. By developing the concept of the range of natural variability 
in ecological and geomorphological attributes of three reefs in the northern Keppel Islands, and by 
quantifying it, this thesis sheds considerable light on the conservation value, accretion potential and 
community ecology of these reefs. In doing so, it fills part of an important information gap about the 
inshore southern GBR, and provides vital groundwork for future research on other reefs in the GBR 
and worldwide. 
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2.1 Abstract 
As the oceans continue to warm, greater emphasis is being placed on identifying high-latitude coral reefs 
that may provide suitable habitat for tropical species. The refugium potential of a modern reef habitat 
can be evaluated on the basis of its past response to environmental variability. During the mid- to 
late-Holocene, coral reefs developed under similar-to-modern conditions, recording a spectrum of 
ecological and environmental variability useful for understanding living coral reef responses to 
anthropogenic climate change. Here, we document the ecological history of inshore coral reefs in the 
northern Keppel Islands, near the southern limit of the Great Barrier Reef and examine the range of 
variation in reef development over the Holocene. We collected 12 reef flat and 21 reef slope 
framework cores from three coral reefs and obtained 154 high-precision Uranium-Thorium ages. 
Coral reefs accreted vertically to sea-level in four clearly distinct time intervals, accounting for 80% 
of the time span during the past ~7.5 ka. Reef accretion was strongly controlled by sea-level. 
Branching Acropora consistently dominated coral assemblages throughout the cores despite 
increased ENSO frequency, reduced salinity, and variable temperature during the last ~5 ka. 
Integrating the evidence from multiple temporal scales, we found that the reefs from the northern 
Keppel Islands were consistently dominated by reef-building corals, showed good capacity to build 
reef habitat, had persistent Acropora assemblages, and offered some protection from major 
disturbance. These results suggest that reefs in the northern Keppels may serve as suitable climate 
refugia as the ranges of species move south along the eastern Australian coastline and represents the 
best refugia so far known for corals as they escape warming ocean waters on the Great Barrier Reef. 
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2.2 Introduction 
Under climate change and with increasing anthropogenic stress, tropical populations in coral 
reefs are expected to adapt, become extinct or migrate elsewhere (Riegl &  Piller, 2003). Based on 
the evidence of temperature-driven range-shifts in coral reefs since the late Pleistocene, it is thought 
that some taxa will migrate to higher latitude refugia (Greenstein &  Pandolfi, 2008). According to 
Keppel et al. (2012), refugia are habitats that components of biodiversity retreat to, persist in and can 
potentially expand from under changing environmental conditions over evolutionary timescales of 
millennia. 
During the Holocene, coral reefs developed under similar-to-modern conditions, recording a 
spectrum of environmental variability useful for placing coral reef response to anthropogenic climate 
change in a temporal context (Battarbee &  Binney, 2008). Sea-level fluctuations have been the 
principal factor shaping coral reef geomorphology during the Holocene (Woodroffe &  Webster, 
2014). On the Great Barrier Reef (GBR), two major reef accretion periods occurred: one before 5.5 
ka (thousand years before 1950 CE) associated with a sea-level high-stand during the mid-Holocene 
[~8–4 ka after Walker et al. (2012)] and one after 2.3 ka, related to late-Holocene [~4–0 ka after 
Walker et al. (2012)] sea-level stabilisation (Lewis et al., 2008; Perry &  Smithers, 2011; Sloss et al., 
2007). In addition to sea-level, other environmental factors can further influence reef development: 
for example, increased El Niño–Southern Oscillation (ENSO) variability was considered the principal 
cause of a millennial-scale hiatus in Eastern Pacific reef growth (Toth et al., 2012). Although scarce 
and fragmentary for the GBR, useful millennial-scale records of sea-level, ENSO, salinity and 
temperature exist on a global scale, which can help elucidate the influence of the Holocene 
environment on coral reef development (Moy et al., 2002; Stott et al., 2004; Lewis et al., 2008). 
Assessments of the refugium potential of the southern GBR region are surprisingly scarce, 
though one model shows that the southern GBR may be one of the few refugia worldwide where coral 
reefs may be able to delay the effects of global warming the longest (van Hooidonk et al., 2013). 
Jones and  Berkelmans (2010) studied the Keppel Islands region in the Southern GBR and ranked a 
number of reefs based on their refugium potential as interpreted from six parameters regarding the 
modern ecology and physical environment of the reefs: (a) light extinction coefficient, (b) average 
daily temperature, (c) percentage of coverage of hard coral and macro-algae, (d) hard coral species 
richness and abundance, (e) the presence of thermally tolerant algal types, and (f) depth profile. These 
reefs show a relatively large number of coral species (Jones et al., 2011) and experienced rapid 
recovery of coral cover to pre-disturbance levels following major flooding and bleaching events 
(Diaz-Pulido et al., 2009; Jones et al., 2011; Van Woesik et al., 1995). While snapshots of the current 
ecological condition of the reefs provide important insights into their potential role as future habitat 
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refugia, documenting the long-term history of reef development has been shown to be a key factor 
for evaluating the refugium potential of high-latitude reefs from Moreton Bay (Lybolt et al., 2011) 
~4º south of the GBR. Long-term studies such as this are considered to be important for improving 
the management of high-latitude coral reef refugia (Beger et al., 2014). 
Evidence from palaeoecological records (Lybolt et al., 2011) suggests that for a reef system 
to be considered a suitable refugium over millennial timescales, it should meet the following criteria: 
(a) persistence of reef-building corals—when reefs are present they should be consistently dominated 
by reef-building corals; (b) habitat-building capacity—the system should build substantial three 
dimensional structure necessary to sustain desirable ecosystem functions such as resisting waves; and 
(c) ecological stability—defined according to Connell and  Sousa (1983) as having “one or more 
equilibrium points or limit cycles at which the system remains when faced with a disturbing force, or 
to which it returns if perturbed by the force” (p. 790), even after a complete “phase shift” such as 
becoming dominated by algae. Here, we evaluate the suitability of an inshore reef system from the 
southern GBR to serve as a refugium for reef species escaping from a warming ocean. For the first 
time within the GBR, we base our assessment on the millennial-scale range of ecological, 
geomorphological and environmental variability of the system. 
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2.3 Materials and Methods 
2.3.1 Regional Setting 
The Keppel Islands region, in the inshore southern GBR, constitutes an important transition 
zone between the tropics and subtropics (23º10’S, 150º59’E; Figure 2-1). Located at the high-latitude 
limit of the Central Indo-Pacific marine realm, the Keppels belong to the same tropical ecoregion as 
the central GBR and lie immediately north of the subtropical waters of the Tweed-Moreton ecoregion 
(Beger et al., 2014; Spalding et al., 2007). We refer to the Keppels as “high-latitude reefs” to 
highlighte their geographic location relative to the rest of the GBR. Reef growth in the Keppels is 
exceptionally high compared with other reefs in the inshore southern GBR (Hopley et al., 2007) 
despite adjoining the Fitzroy River, which drains the largest catchment (142,000 km2) adjacent to the 
GBR (Rolfe et al., 2006), and is one of the most severely altered by land clearing since European 
occupation (~ early 1800s) (Graetz et al., 1995). Live coral cover in this region ranges from 30 to 
70% both on the reef flat and reef slope environments and is dominated by branching Acropora (Jones 
et al., 2011). This study focussed on the reefs at North Keppel, Middle and Halfway islands (i.e. the 
“northern Keppels”, for short), three fringing reefs (sensu Hopley, 2011) with an area of 0.44, 0.28, 
and 0.45 km2, respectively, with well-developed reef flats (Figure 2-1). 
2.3.2 Sampling 
A standard percussion coring method (utilising a 10 cm-wide aluminium pipe with a 
maximum length of 6.5 m) was used to extract cores from three leeward reefs (Figure 2-1). Three 
habitats from each reef were sampled: (a) the reef flat proximal to the strand line (hereafter referred 
to as proximal reef flat), (b) the reef flat distal to the strand line (hereafter referred to as distal reef 
flat), and (c) the reef slope (at ~5 m depth on SCUBA). The position of the sampled reef environments 
relative to the strand line varied 4–37 m for the proximal reef flats, 80–480 m for the distal reef flats 
and 120–580 m for the reef slopes. Reefs from North Keppel extend the furthest from the strand line, 
followed by Halfway and Middle (Figure 2-1). Two cores through the reef substrate were extracted 
at random (separated by a distance of ~5 m on a transect parallel to the reef margin) from the proximal 
reef flat and two from the distal reef flat at each reef. Three additional cores (separated by a distance 
of ~10 m) were extracted from each of the three sites on the reef slope at Halfway reef and North 
Keppel, and from a single site at Middle (33 cores in total). All cores were placed at a 90° angle to 
the sea floor. The down-core position of each core was recorded and the depth is reported in meters 
relative to mean lowest astronomical tide (LAT) and referenced to published palaeo sea-level data 
(Lewis et al., 2008). The cores were first digitally logged using a computed tomography (CT) scan 
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and sectioned longitudinally, with one core half archived at 4 ºC and the other half used for further 
ecological, geological and chronological analyses. Based on CT images, a subset of nine cores, 
representative of all reefs and reef environments and spanning the entire chronology (see below), 
were sectioned into 5 cm increments. Then, every second section was wet-sieved through 0.063, 0.425 
and 4 mm meshes and the resulting fractions larger than 0.063 mm were dried and weighed to analyse 
their relative contribution in the core framework. Coral fragments larger than 4 mm were identified 
to genus level and each genus weighed separately to provide a measure of coral species composition. 
The remaining 24 cores were not logged due to time constraints. 
2.3.3 Chronology 
A total of 154 coral samples were chosen for Uranium-Thorium (U-Th) radiometric age dating 
to provide a comprehensive chronology of each core. Samples were chosen without taxonomic 
preference. From the 154 coral samples, 123 were Acropora, 11 Montipora, 3 Lobophyllia, 2 
Pocillopora, 1 Astereopora, 1 Favites, 1 Seriatopora, and 1 Stylophora. Eleven coral fragments could 
not be identified (Figure A-1, Table A-1). We chose samples of size and general conservation state 
to produce no less than 150 mg of sample for U-Th dating after cleaning as described below. 
Following the procedures described by Clark et al. (2014), selected coral fragments were: (a) cut into 
sections using a diamond blade table saw to remove the most obvious sources of contamination (i.e., 
encrusting organisms, bioeroders); (b) crushed to approximately 1 mm grain size; (c) sonicated in 
Milli-Q water; (d) soaked in 10% H2O2 overnight to remove organic components; and, (e) further 
sonicated with Milli-Q water until a clear solution was achieved. Each sample was then inspected 
under the microscope and approximately 150 mg of the cleanest coral material (i.e., coral with no 
visual signs of contamination) was selected for U-Th dating at the Radiogenic Isotope Facility (The 
University of Queensland) using a Nu Plasma multi-collector inductively coupled plasma mass 
spectrometer (MC ICP-MS) following procedures described by Clark et al. (2014a; 2014b). Ages are 
reported with 2σ errors representing two standard deviations from the mean. 
2.3.4 Palaeoenvironmental History 
To understand the spectrum of environmental conditions under which reef development 
occurred, we combined previously published millennial-scale palaeoenvironmental records from 
multiple spatial scales. We included reconstructions of (a) sea-level variability in eastern Australia 
(past ~7 ka) reviewed by Lewis et al. (2008) (and including previous work by Baker et al., 2005; 
Chappell et al., 1983; Larcombe et al., 1995), (b) variability of ENSO activity based on a record from 
southern Ecuador (past ~9 ka) (Moy et al., 2002) and from (c) Indonesia (past ~2 ka) (originally 
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produced by Oppo et al., 2009, and adapted by Yan et al., 2011), and (d) sea surface temperature 
(SST) and salinity in the western tropical Pacific (9–0 ka Stott et al., 2004). 
2.3.5 Data Analysis 
2.3.5.1 Timing of reef development and patterns of reef growth 
To determine the timing of reef development in the northern Keppels, we examined the 
accretion history of each core from each reef and reef environment from plots using the relationship 
between U-Th age and elevation (Figure 2-2). Further, we partitioned the temporal sequence into 200-
year bins, each of which was first binomially categorised as filled or empty depending on whether or 
not it contained the U-Th age of any sample. We analysed randomness in the proportion of 
occurrences of each category using the software binom.test (“stats” package, R Core Team, 2014). 
Our approach allowed close comparison of northern Keppel Islands data with those from Moreton 
Bay (Lybolt et al., 2011). We defined reef development intervals (I–IV in Table 2-1 and Figure 2-2) 
as time periods (a) spanning centuries–millennia, (b) showing evidence that at least one of the studied 
reefs approached or reached sea-level, and (c) that were separated from other reef development 
intervals by “gaps” that we defined as time periods of centennial duration, for which no evidence of 
reef growth existed. 
To characterise patterns of reef growth (sensu Hopley, 2011) and to compare them across 
reefs, reef environments and regions, we first computed kernel density estimate (KDE) values from 
the U-Th age data using the software density (“stats” package, R Core Team, 2014). We defined reef 
growth episodes (note difference with “reef development intervals” defined above) as time periods in 
which KDE values fell above the upper extreme values or upper fence [Q3 + 1.5 (IQR), where Q3 
was the 75th percentile and IQR was the interquartile range] (following Clark et al., 2014b; Hodge 
&  Austin, 2004) (Figure 2-3). This definition was congruent with outliers in a boxplot, where they 
fall beyond the extremes of the whiskers. We compared KDE distributions from the northern Keppels 
with those of reefs further north along the GBR (Perry &  Smithers, 2011) and further south in 
Moreton Bay (Lybolt et al., 2011) using Kolmogorov-Smirnov tests with the function ks.test (“stats” 
package, R Core Team, 2014). 
2.3.5.2 Coral assemblage composition through time 
The composition of coral assemblages through time was examined with emphasis on the 
importance of Acropora relative to other coral genera because this genus dominates the live coral 
assemblages in the Keppels (Jones et al., 2011). Acropora was also historically dominant in the 
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central GBR and Moreton Bay (Lybolt et al., 2011; Roff et al., 2013), i.e., to the north and south of 
the Keppels, respectively. Coral specimens were identified to genus level. We designed a number of 
tests to compare coral assemblage composition (a) across reef development intervals (I–IV, Table 
2-1) and (b) before and since European development (boundary defined at 0.127 ka when the 
Queensland population began to be reliably recorded, Queensland Treasury, 2009). 
A first set of related analyses involved tests using the generic identity and age of the 154 dated 
coral fragments. The variable coral assemblage composition was categorised as “Acropora” or 
“other” genera (samples in which genus could not be identified due to poor preservation state were 
excluded). The variable time was categorised as either I to IV to correspond with reef development 
intervals, or as “before” and “since” European development. We applied Fisher’s exact tests [function 
fisher.test, “stats” package, R software (R Core Team, 2014)] of independence of rows and columns 
in each of the 2x2 possible contingency tables—rows being each of the two categories of assemblage 
composition, and columns being “before” and “since” European development or each of any two 
possible reef development intervals. 
A second set of related analyses used information on the generic identity (excluding samples 
in which the genus could not be identified due to their poor preservation state), abundance (biomass) 
and inferred age (based on the 154 U-Th ages) of every coral fragment in nine detailed core logs (see 
Figure 2-4). For these analyses, the generic identity of each sample was preserved (instead of being 
grouped into a single “other” category as for the first set of analyses; above). The variable assemblage 
composition was categorised according on the genus of each coral sample. The variable time was 
categorised as for the first set of analyses, i.e. either I–IV (reef development intervals) or “before” 
and “since” (European development). We tested for changes in assemblage composition through time 
using analysis of similarity (ANOSIM) [using the function anosim, “vegan” package (Oksanen et al., 
2014)]. 
This second set of analyses also aimed to identify coral genera that most predominantly 
contributed to the multivariate structure of the coral assemblages in cores. The Bray-Curtis 
dissimilarity between sample groups (from each time category) was broken down into genera 
contributions and a similarity percentage (SIMPER) analysis was performed [following Clarke 
(1993), (Clarke &  Warwick, 2001) and using the function “simper” from “vegan” package (Oksanen 
et al., 2014)]. For each possible pair of reef development intervals and for samples from “before” and 
“since” European development, genera were ordered by their average contribution to the overall 
average dissimilarity. Genera with a large average contribution and with a large ratio between the 
averages over the standard deviation of their contribution to the total average dissimilarity can be 
regarded as good discriminators of the multivariate structure (Clarke &  Warwick, 2001). Finally, the 
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variation in coral assemblage composition through time was also analysed from plots of logged cores 
and from CT images. 
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2.4 Results 
2.4.1 Reef Development Intervals 
U-Th ages ranged from 7.452 ± 0.038 ka to approximately the present day (2007 CE ± 
7 years), thus spanning most of the Holocene, with 2σ age errors ranging from 0.001 to 0.092 ka 
(Table A-1). Based on U-Th age and position in the core, 14 out of the 154 samples (9%) were 
identified as age reversals (i.e., older corals overlying younger corals) (Figure 2-2). From the corals 
that gave age reversals, 12 were from the genus Acropora, one Lobophyllia and one from a genus that 
could not be determined due to its poor preservation state. In samples dated from the past 
7.5 millennia, we identified four reef development intervals separated by three gaps (Table 2-1, Figure 
2-2). The observed proportion of filled versus empty bins differed significantly from the proportion 
expected by chance (observed/expected = 29/9, expected = 1/2, binomial test p = 0.002). 
2.4.2 Variability in Reef Development 
Within the northern Keppels region, and at the reef-scale, Middle reef showed remarkable 
variability compared with the other reefs. The first evidence of development here was ~4.5 ka and 
~4.0 ka later than Halfway and North Keppel, respectively. Middle also reached sea-level ~2.5 ka 
later than the other two reefs (Figure 2-2). At North Keppel, the proximal and distal reef flats 
developed between ~7 and 4 ka, approximately 2.5 ka earlier than the reef slope, which developed 
from 1.6 ka to the present. Finally, millennial-scale variability was evident among sites on the slope 
at Halfway reef. Three cores from site 3, on the slope of Halfway reef, indicated development ~1.7 
ka later than the other six cores from sites 1 and 2, located less than 300 m away (Figure 2-1). 
2.4.3 Reef Growth Episodes in the northern Keppels and Comparison with Other Regions 
KDE values constructed using the U-Th age data from reef flat and reef slope environments 
combined from cores in the northern Keppels fell above the upper fence twice, defining two reef 
growth episodes: one before 5.3 ka and another one after 1.6 ka (Figure 2-3a). Partitioning the data 
by reef environment allowed the detection of two additional reef growth episodes on the reef flat 
environment, one between 4.6–4.0 ka and the other between 3.6–2.0 ka (Figure 2-3b-c). Kolmogorov-
Smirnov tests showed significant differences between the KDE distributions from the northern 
Keppels versus each of the other regions, except for the contrast between the northern Keppels and 
Moreton Bay (Figure 2-3). 
REFUGIUM FOR CORALS IDENTIFIED IN THE SOUTHERN GBR                                         38 
At the regional scale, reef growth episodes peaked earlier in the northern GBR than the 
southern GBR, with the northern Keppels peaking last (Figure 2-3e,g). Similarly, the latest reef 
growth episode peaked earlier in the central GBR than in the northern Keppels (Figure 2-3f). In 
contrast, reef growth episodes in the northern Keppels largely overlapped with Moreton Bay (Figure 
2-3h). Comparing reef flat data exclusively, the earliest reef growth episode in the northern Keppels 
and southern GBR both peak ~7 ka (Figure 2-3b,g) but still later than in the northern GBR (~7.5 ka 
despite some overlap, Figure 2-3e). On the other hand, the latest reef growth episode on the reef flat 
in the northern Keppels still peaks later than in the central GBR with this pattern mostly caused by 
the delayed development of Middle reef (Figure 2-3c,f). 
2.4.4 Acropora Dominance 
Detailed geological logs of a sub-set of nine cores covering each reef development interval, 
reef and reef environment revealed that Acropora corals dominated cores during all reef development 
intervals (Figure 2-4). Relatively short parts of some cores were dominated by other genera while 
shallower parts of the same cores, or younger parts of other cores within the same reef development 
interval, showed recovery to Acropora dominance (Figure 2-4). Between 83 and 97% of the coral 
skeletons in the logged cores were identified as members of one of 12 coral genera in total (Figure 
2-4, Table B-1). The remaining 3–17% could not be identified to genus because of their poor 
preservation. Acropora was the most abundant genus in all cores (accounting for 40–92% of coral 
skeletons in core logs; Figure 2-4) except for core N.P.3|3 where Montipora was slightly more 
abundant (40% Acropora vs. 42% Montipora; Table B-1). 
Fisher’s exact tests indicated no significant association between coral assemblage 
composition and reef development interval (Table 2-2). Coral assemblage composition before and 
since European development was different at a level of p = 0.01 (Table 2-2); however, all of the 39 
coral samples that dated post-European development (~0.127 ka) were Acropora, except one 
Pocillopora (Table A-1). 
An ANOSIM test in coral genera composition (using all 12 coral genera in core logs) resulted 
in R statistics close to zero indicating that coral assemblages in each of the four reef development 
intervals (R = 0.026, p = 0.091) and before and since European development (R = −0.140, p = 0.967) 
were largely similar (Figure B-1). A SIMPER analysis revealed that Acropora corals contributed 50–
85% of the overall dissimilarity between pairs of time periods (Table 2-3 , Table B-2). Compared 
with other genera, Acropora showed the highest ratio of the average over the standard deviation of 
its contribution to the total average dissimilarity. This indicates that the contribution of Acropora to 
dissimilarities in each group was consistent (small SD relative to the average; Table B-2). 
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2.4.5 Palaeoenvironmental History 
During the mid-Holocene (particularly from 7.5–4.6 ka, Figure 2-5) the sea-level in eastern 
Australia was relatively stable and up to 1–1.5 m above its current position (Lewis et al., 2008). A 
clear gap from 5.3 to 4.6 ka coincides with the onset of substantially more variable environmental 
conditions. Since ~3.6 ka, the frequency of ENSO activity has increased while salinity has decreased 
and temperature and sea-level have become more variable. A sea-level oscillation (drop followed by 
rise) between ~4.8–4.5 ka and 3.0–2.7 ka of about 1 m amplitude (Lewis et al., 2008) corresponded 
with little or no reef growth (the only evidence being an age reversal at ~3 ka, Figure 2-5). Yet, during 
the mid- to late-Holocene remarkably rapid vertical reef accretion was still evident from 4.6 to 4 ka, 
coinciding with a short time period of relatively reduced ENSO frequency. Further, the first evidence 
of Middle reef development at ~3.4 ka coincided with generally unfavourable conditions, most 
notably, considerably high ENSO frequency. In the late-Holocene, substantial vertical reef accretion 
occurred on the reef flat and slope of two of the three studied reefs since ~1.6 ka. While this was 
associated with the stabilisation of the sea-level near its current position (Lewis et al., 2008), ENSO 
frequency increased and peaked around 1.2 ka (Moy et al., 2002), salinity was relatively low and 
temperature was variable (Figure 2-5). 
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2.5 Discussion 
The refugium potential of the northern Keppels is evident from the presence of the necessary reef 
attributes, as reflected in the range of millennial-scale variation in coral reef development. Persistence of reef-
building corals was demonstrated by the capacity for reef-building corals to grow throughout most of 
the mid- to late-Holocene. Habitat-building capacity was demonstrated by the capacity of the reefs to 
accrete up to sea-level multiple times throughout the Holocene, building the three-dimensional 
structure necessary for ecosystem function, even while most reefs in the GBR were less capable. 
Ecological stability (as previously defined sensu Connell &  Sousa, 1983) was indicated by the 
consistent return to Acropora-dominated coral assemblages following disturbances, which was 
evident from the gaps in reef development that were noted across all reefs, lasting several centuries 
and associated with substantial palaeo-environmental variability. 
2.5.1 Palaeoenvironmental History 
Assessment of palaeoenvironmental records associated with the chrono-stratigraphy of U-Th 
ages suggests sea-level fluctuations strongly influenced reef development, generally favoured by 
infrequent ENSO activity and warmer SSTs (Figure 2-5). Substantial vertical reef accretion occurred 
before 5.3 ka, within the mid-Holocene [~8–4 ka (Walker et al., 2012)] during relatively stable sea-
level and high-stand, and since 1.6 ka, coinciding with sea-level stabilisation (Lewis et al., 2008; 
Sloss et al., 2007) during the most recent part of the late-Holocene [~4–0 ka (Walker et al., 2012)]. 
This supports similar findings based on reef flat (Perry &  Smithers, 2011; Smithers et al., 2006) and 
slope (Roff et al., 2015) data from the GBR (see also chapter 3). Fluctuations in sea-level can also 
explain interruptions to reef slope development despite available accommodation space for further 
coral growth. An example is the interruption of reef growth on the slope of Halfway at ~5.3 ka that 
coincides with a sea-level drop that may have impaired coral growth due to increased fresh water and 
sediment input from the Fitzroy River, both factors known to be damaging to modern communities 
in the region (Berkelmans et al., 2012; Tan et al., 2012; Van Woesik et al., 1995). Lewis et al. (2008) 
proposed a sea-level oscillation at ~4.8 ka that falls within a 0.5 ka gap in reef development at all 
studied reefs. A sea-level curve specific to the southern GBR is required to clarify whether the events 
were causally related. Overall, our evidence from the palaeoenvironmental record in association with 
the chrono-stratigraphy of the studied reefs supports the hypothesis that sea-level fluctuations have 
been a major driver of reef geomorphological changes over the Holocene (Woodroffe &  Webster, 
2014). 
In addition to sea-level, other environmental factors probably contributed to modulating the 
reefs development. While the end of substantial reef development at ~ 5.3 ka coincides with the start 
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of more frequent ENSO activity (Moy et al., 2002) and a general trend of reduced salinity (Stott et 
al., 2004), it is puzzling that Middle and North Keppel reefs developed extensively since ~1.6 ka, 
despite peak ENSO activity and close to minimum salinity during this period. Similarly, the gaps in 
reef development appear to coincide with local minima of the SST curve, yet these same low 
temperatures did not impair the most recent development of Middle and North Keppel since ~1.6 ka. 
ENSO, salinity, temperature and their interactions likely influenced reef development to some extent 
and the apparent inconsistencies suggest that their effect on modulating reef development is weaker 
than sea-level. Notably, ENSO was found not to be the primary source of inter-annual climate 
variability in the GBR (Redondo-Rodriguez et al., 2012) and a specific study from the Keppels region 
over the past 90 years demonstrated that runoff variability from the Fitzroy River is primarily 
controlled by the Pacific Decadal Oscillation (PDO) (Rodriguez-Ramirez et al., 2014). Therefore, 
PDO may also have modulated reef development throughout the Holocene. However, millennial-
scale PDO reconstructions—usually spanning less than a few centuries (Henley et al., 2011)—are as 
yet too inadequate to explore its association with reef development in the northern Keppels over the 
Holocene. Developing longer temporal records of the PDO is an important direction for future 
research. 
2.5.2 Evaluating the northern Keppels as a High Latitude Refugium for Reefs Based on 
Millennial-Scale Attributes 
Our analysis of the persistence of reef-building corals and the habitat-building capacity and 
ecological stability of the northern Keppels over a millennial scale demonstrates the region´s potential 
to serve as a high-latitude refugium. These are desirable attributes of such a refugium (Lybolt et al., 
2011). Although the northern Keppels are technically within the tropics, these reefs are the closest 
inshore reefs to the Capricorn Tropic (all study sites < 40 km north), which formally divides the 
tropics from the southern subtropics, and are higher in latitude than any other reef in the inshore GBR. 
2.5.2.1 Persistence of reef-building corals 
The historical record shows long phases of substantial coral growth alternating with shorter phases of 
little or no growth. Our analysis of the data pooled by core, reef and reef environment showed that the 
proportion of 200-year bins with corals (29/38) was significantly greater than without corals (9/38), 
indicating that reefs were more commonly dominated by corals (76% of the past 7.5 ka). Based on a 
similar analysis, Lybolt et al. (2011) found that Moreton Bay was inhospitable to corals for around 
50% of the past 7 ka. 
2.5.2.2 Habitat-building capacity 
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The timing of evidence for substantial reef development in the northern Keppels partly 
coincided with previous observations for the GBR, which support the idea of an important phase of 
reef growth before 5.5 ka (Perry and  Smithers, 2011; Smithers et al., 2006) and from ~2.3 ka to the 
present (Perry and  Smithers, 2011)(Figure 2-3a). However, the evidence from the reef flat 
environment of two out of the three studied reefs (i.e. North Keppel and Middle) indicates that two 
reef-growth episodes occurred during the period in between (Table 2-1, Figure 2-3b,c). This is in 
contrast to the general pattern of decreasing fringing reef development along the GBR since ~5.5 ka 
(Smithers et al., 2006) and suggests some degree of decoupling from environmental conditions 
shaping reef development patterns along the GBR between 5.5–2.3 ka (Perry &  Smithers, 2011). 
Therefore, reefs in the northern Keppels are better represented through time (i.e. reefs are built more 
of the time), indicating they are a good refugium. 
Variability in Reef Development and Reef Growth Episodes. Millennial-scale variability in 
the timing of reef development occurred both within and among reefs. Middle reef developed later 
than the other two reefs in the northern Keppels and later than most GBR reefs (Perry &  Smithers, 
2011), yet at a similar time to some rarer reefs from the central and southern GBR (Kleypas, 1996; 
Smithers &  Larcombe, 2003). One limitation of our data from Middle is that the age of initiation 
remains uncertain because the depth of the Pleistocene foundation is unknown. This limitation is 
partly due to our manual percussion coring method that only permits the retrieval of relatively shorter 
cores (less likely to reach deeper Pleistocene foundations) compared with drilled cores (e.g. Kleypas, 
1996). 
We found that reef growth episodes in the northern Keppels occurred later than in the northern 
and central GBR and over a similar time period as the reefs of Moreton Bay (Figure 2-3). There is 
evidence of generally later reef growth in the northern Keppels, even after excluding reef slope data, 
which could produce younger overall ages than previous studies from reef flats exclusively (Perry &  
Smithers, 2011; Smithers et al., 2006). Thus, excluding reef slopes data eliminates the potential for 
confounding the effect of geography with that of reef environment when interpreting the timing of 
reef growth episodes across regions. In contrast, the timing of reef development between the northern 
Keppels and Moreton Bay was similar and suggests the regions have responded in a similar way to 
strong environmental drivers of reef geomorphology, such as sea-level (Woodroffe &  Webster, 
2014). 
2.5.2.3 Ecological stability 
Multiple lines of evidence point to the genus Acropora as the dominant coral throughout the 
reef chronology. Acropora comprised 80% of the coral fragments randomly selected for dating (Table 
A-1, Figure A-1). Its long-term dominance was observed in the detailed core logs (Figure 2-4) and 
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the CT images (Figure A-2). Further, Fisher’s tests (using 154 U-Th dated samples categorised as 
either “Acropora” or “other”) indicated that Acropora dominance remained unchanged through time. 
The only exception was a Fisher’s test showing difference between coral assemblages before and 
after European development, even though 97.5% of the coral fragments that dated since-European 
development were members of the genus Acropora. This suggests that all changes resulted in higher 
abundance of Acropora since European development. Using all coral fragments in nine core logs, 
ANOSIM provided further evidence that coral assemblages have not significantly changed through 
time. Additionally, similarity percent analysis revealed that Acropora was largely and consistently 
responsible for discriminating the multivariate structure of the assemblages. In contrast, in the Palm 
Islands (central GBR) and Moreton Bay, historical assemblages previously dominated by Acropora 
were dominated by other coral genera more recently in response to human development (Lybolt et 
al., 2011; Roff et al., 2013). Thus, our results indicate more persistent Acropora assemblages in the 
northern Keppel reefs than in the Palm Islands and Moreton Bay (Lybolt et al., 2011; Roff et al., 
2013). 
2.5.3 Evaluating the northern Keppels as a High Latitude Refugium for Reefs in the Context 
of Recent Human Impact 
Having demonstrated that the northern Keppels have been a suitable refugium for corals over 
the past 7.5 millennia we now consider the relatively recent human impact on coral reefs and argue 
that the northern Keppels can be considered a good refugium for the near future. In comparison, reefs 
in Moreton Bay have previously been considered as potential refugia (Lybolt et al., 2011) but the 
palaeoecological record favours the northern Keppels instead. Moreton Bay has been inhospitable to 
corals for about half of the past 7 millennia. Coral communities in Moreton Bay have shifted from 
being historically dominated by the genus Acropora to recently becoming dominated by Favia as a 
result of the human-induced deterioration of the river catchments draining into the bay (Lybolt et al., 
2011). 
In contrast, reefs in the northern Keppels appear stable under conditions of increased sediment 
stress. Intensive anthropogenic use of the Fitzroy River catchment resulted in increased river flow 
since the 1950s (Rodriguez-Ramirez et al., 2014). Instrumental flooding records of the Fitzroy River 
[Queensland Department of Environment and Resource Management, gauging stations on the Fitzroy 
River at The Gap (Station number 130005A) and Riverslea (130003A)] and coral cores near our study 
sites (1–6 km away) in the northern Keppels (Rodriguez-Ramirez et al., 2014) indicate several events 
of high river discharge during the last century. During severe flooding, low levels of salinity that are 
lethal to corals can reach (Figure 2 in Berkelmans et al., 2012) all of the studied reefs (Figure 2-1 – 
the Fitzroy River flood plumes are driven north by the Coriolis force and northwest by the prevalent 
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wind). Some of the most severe floods of the Fitzroy River ever recorded occurred in 1991 and 2011, 
causing mortality of ~85% and ~100% of corals in the Keppels (Berkelmans et al., 2012; Jones &  
Berkelmans, 2014; Van Woesik et al., 1995). However, the reefs had recovered to ~50% live coral 
cover (compared with 21.7% for the GBR on average, Sweatman et al., 2011) in the 17 years 
following the 1991 die-off (Jones et al., 2011) and recovery from the 2011 event is expected to be 
similar (Jones &  Berkelmans, 2014). 
The Keppels have also experienced coral bleaching and shown rapid recovery. While most 
reefs appear to rebound from coral bleaching and to recover to their former ecological condition, 
regime shifts to new benthic assemblages, such as algae, have been observed (Graham et al., 2015; 
Hughes et al., 2010). Reefs in the Keppels have recovered from repeated coral bleaching events (e.g. 
in 1998, 2002; Berkelmans et al., 2004). Following SST rise in the summer of 2006, coral bleaching 
affected 77–95% of North Keppel, Middle and Halfway reefs, which then transitioned through an 
extraordinary algal bloom and subsequently regained coral dominance at pre-bleaching levels within 
14 months (Diaz-Pulido et al., 2009). Possible explanations for such fast recovery include: (a) corals 
are capable of rapid tissue regeneration, (b) the algal community that bloomed in 2006 was 
monospecific and seasonal and, (c) the reefs have been managed as a marine park since 1987 (Diaz-
Pulido et al., 2009). 
2.5.3.1 Protection from disturbance 
Patches of reef where corals and other reef organisms can survive disturbance may make a 
crucial contribution to the long-term refugium potential of these reefs. In 2011, faced with one of the 
largest floods of the Fitzroy River, coral mortality in the Keppels was widespread, yet variable from 
0–100% among reefs depending on their north/south orientation, their distance from the river mouth 
and water-depth (Berkelmans et al., 2012). Reduced coral mortality in north-facing reefs was 
attributed to the island wake effect (Wolanski et al., 1996), whereby an upwelling zone, created on 
the island lee by the northward flow of the flood plume, would have protected the reefs from extreme 
exposure to fresh water. Williamson et al. (2014) documented that large populations of adult fish 
found protection in patches of reef from the widespread impacts of coral bleaching in 2006 (Diaz-
Pulido et al., 2009) and from flooding in 2011 (Berkelmans et al., 2012). Organisms that survived 
disturbance by sheltering in the reef patches in the Keppels may export larvae important for allowing 
the entire reef system to recover to pre-disturbance conditions (Emslie et al.2015, Williamson et al., 
2014). 
Notably, the location of protected patches of reef likely changed over the long-term. Although 
reef slope coral cover at Halfway can be high (~40%, Berkelmans et al., 2012), we highlight that the 
latest evidence of reef development from this reef dates back to ~2 ka. Reef development at Halfway 
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was substantial during the mid-Holocene sea-level high stand, especially around 5.5 ka, but decreased 
as environmental conditions changed towards the late-Holocene—from ~4 ka to the present. During 
the mid-Holocene, the sea-level was higher (Lewis et al., 2008) and oceanic waves reached inshore 
reefs more energetically than during the late-Holocene because many outer-shelf reef of the GBR had 
not yet reached sea-level (Hopley, 1984); thus, hyposaline water from rivers was likely flushed 
relatively more efficiently during the mid-Holocene. In contrast, during the late-Holocene the 
relatively lower sea-level (Lewis et al., 2008) brings river flood plumes in contact with a greater 
proportion of the sea floor. Further, hyposaline conditions last longer as flushing by waves has 
decreased. Once the outer reefs of the GBR reached sea-level, there is relatively more energy from 
oceanic swells dissipated (Hopley, 1984). Therefore, the lack of development at Halfway reef over 
the past 2 ka (as opposed to substantial development at Middle and North Keppel) is likely related to 
its relatively close proximity to the Fitzroy River mouth and to the variable impact that flood plumes 
had on the northern Keppels during the Holocene. 
The integration of our millennial-scale evidence with previous evidence collected over shorter 
timescales enables an informed assessment of the past and future refugium potential of the reefs in 
the northern Keppels. Over millennial timescales, our findings indicate three reasons why these reefs 
represent a good refugium. First, reef building corals occurred during most of the past 7.5 ka. Had 
the northern Keppels been an unsuitable refugium, the conditions that prevailed since ~4 ka ago—
less optimal for coral growth than those from 7.5 to 4 ka (Smithers et al., 2006)—would likely had 
precluded the occurrence of reef building corals for a greater proportion of the time over which the 
reefs developed [e.g. in Moreton Bay (Lybolt et al., 2011)]. Second, the demonstrated capacity of 
these reefs to build three-dimensional habitat (as opposed to their occurrence as a veneer of corals on 
the benthos) implies that they shelter not only corals but also other reef organisms that occupy the 
physical structure that the corals construct. Third, evidence that the northern Keppels remained 
Acropora-dominated, despite substantial environmental variability, suggests that it is reasonable to 
predict that it will also be the case in the near future. This is expected to be the case as long as the 
environmental conditions remain within the limits observed over the past 7.5 ka and if the ecological 
condition of the reefs is assessed over a timescale comparable to this study. 
Previous evidence collected over shorter timescales shows that these reefs have faced and 
recovered from repeated disturbances. Disturbances include major flooding, to which the reefs have 
been exposed over their Holocene development, in addition to the novel impact of coral bleaching, 
as a direct consequence of recent human-induced global warming. However, some patches of reefs 
have provided protection from severe disturbances over the short term (Emslie et al. 2015, 
Williamson et al., 2014), contributing to the long-term survival of the reefs in the northern Keppels. 
Anecdotal evidence shows that the reef system returned to an Acropora dominated state even 
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following a complete turnover to algal domination (Diaz-Pulido et al., 2009), suggesting that these 
reefs are ecologically stable. Significantly, Acropora has dominated over millennial timescales in 
other regions of the GBR (e.g. Roff et al., 2015) and in Moreton Bay (Lybolt et al., 2011). This 
strengthens the idea that reefs in the northern Keppels may be suitable refugia for corals sourced from 
surrounding regions. Acropora corals are considered keystones on the GBR because they build habitat 
for multiple reef species including fish (Pratchett et al., 2011) and make the most important 
contribution to calcification and structural complexity of the reef (Harrison &  Booth, 2007). Together 
with water depth, greater structural complexity was recently found to be the best predictor of the fate 
of a reef following coral bleaching, with more complex reefs more likely to have enhanced recovery 
(Graham et al., 2015; Graham &  Nash, 2013). In light of this finding, high abundance of Acropora 
in the northern Keppels confers additional refugium potential. Collectively, the long- and short-term 
evidence demonstrates that the reefs in the northern Keppels provided continuous safe haven for 
corals over the past 7.5 ka and may offer the best refugia so far known for the future of lower latitude 
reefs of the GBR. 
2.5.3.2 Recommendations 
Evidence suggests that the most efficient approaches to managing coral reefs, especially at 
high latitude inshore areas, are those that simultaneously mitigate stresses at multiple spatial scales 
and incorporate historical knowledge (Beger et al., 2014). Under aggressive fossil fuel emissions 
scenarios, the shelter that high-latitude reefs may provide from temperature may be negated by a 
decreased aragonite saturation state, which affects high-latitude reefs more than low-latitude reefs; 
thus, corals might have no refugium from both stresses simultaneously (van Hooidonk et al., 2014). 
Modelling experiments show that local management of catchment pollution can help reduce the 
vulnerability to thermal bleaching of inshore coral reefs exposed to high levels of river runoff 
(Wooldridge, 2009). Thus, management actions must operate at the regional–scale on the adjacent 
catchment to improve the quality of the runoff reaching the reefs. Historical knowledge of the ecology 
and environmental variability of the reef ecosystem can help direct conservation efforts even further, 
from regional to local scales. Within a region of generally high conservation value, conservation 
efforts should be allocated to localities with a known history of high refugium potential. For example, 
within the northern Keppels region, the north-facing side of Middle and North Keppel reefs might be 
prioritised over Halfway reef, based on their higher capacity to build reef habitat under current 
environmental conditions and on their higher protection from flooding (Berkelmans et al., 2012). 
This is exemplified by large populations of adult fish surviving severe thermal bleaching and flooding 
in patches of reef within the Keppels, thereby providing the basis for the regional-scale recovery of 
the reef system (Williamson et al., 2014). Arguably the most striking aspect of that evidence is that 
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all such reef patches coincided with marine reserves, closed to fishing (Williamson et al., 2014). 
Therefore, a palaeoecological approach can help to identify regions suitable as refugia and nested 
localities of high conservation value but, ultimately, maximising such potential will depend on 
simultaneously integrating management actions at the global, regional and local scales (Hughes et 
al., 2003; Pandolfi et al., 2003). 
Here, we evaluated the suitability of a high-latitude ecosystem to provide refugium to lower-
latitude species from the impact of global warming, based on the millennial-scale spectrum of 
ecological and environmental variability of the system. We found that reefs in the northern Keppel 
Islands region of the inshore southern GBR offer the best habitat refugium so far known for corals of 
the GBR. The potential for refugium here and in similar areas worldwide will be maximised by 
simultaneous management of global and regional stressors on high latitude reefs. 
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2.6 Tables 
Table 2-1 
Reef development intervals 
Interval I II III IIII 
Start (ka) 7.45 4.61 3.51 1.55 
End (ka) 5.37 4.08 2.03 -0.06 
Note: Starting and ending age (U-Th age in ka = thousand years before 1950 CE) of reef development intervals 
(I–IV) characterised by (a) centuries–millennia timespan, (b) evidence that some reef structures approached or 
reached sea-level, and (c) centuries long separation from other reef development intervals.  
 
REFUGIUM FOR CORALS IDENTIFIED IN THE SOUTHERN GBR                                         49 
Table 2-2 
Results of Fisher exact tests of independence between coral genera and time  
Contrast 
Inferior     
confidence   
interval  
Superior     
confidence   
interval 
Odds   
ratio    
estimate 
p  
value   
European development      
before vs. since 0.003 0.803 0.119 0.01 * 
Reef development interval     
2 vs. 1 0 3.09 0 0.33   
3 vs. 1 0.199 7.276 1.379 0.7   
3 vs. 2 0.269 Inf Inf 0.25   
4 vs. 1 0.109 1.171 0.368 0.06   
4 vs. 2 0.114 Inf Inf 1   
4 vs. 3 0.048 1.922 0.269 0.1   
 
Note. Coral genera were categorised as “Acropora” or “other”. Time was categorised in two 
ways: (1) before and since European development (~0.127 ka) and (2) according to each of 
the four reef development intervals defined in Table 2-1. A total of seven paired contrasts 
(2x2 contingency tables) were tested. The only positive association between coral genera 
and time was established for the contrast before vs. after European development. That is, 
odds ratio was significantly different from 1 (note that the 95% confidence interval does not 
include 1 for this contrast and p < 0.05). All (n = 39) but one coral samples that dated since 
European development were Acropora (Table A-1). Eleven samples (out of 154) could not 
be identified to genus and were excluded from the analysis. Asterisk (*) labels p value < 
0.05. For reef development interval 2 the category representing “other” coral genera than 
Acropora was zero (i.e. all samples were Acropora), therefore, calculation of confidence 
intervals and odd ratios result in zero or infinite values. 
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Table 2-3 
Similarity percentage (SIMPER) analysis results summary  
Time period 
I_II I_III I_IV II_III II_IV III_IV before_since 
56% 70% 64% 59% 56% 85% 70% 
Note. Cumulative percent contribution of Acropora to the overall average dissimilarity 
between pairs of reef development intervals (Table 2-1), and before and since European 
development (see Table B-2 for detailed results including other coral genera). 
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2.7 Figures 
 
Figure 2-1. Regional setting. Map of the Keppel Islands region (inshore southern GBR, Australia) 
and detailed location of sampled reef framework cores (dots) on the proximal reef flat (P), distal reef 
flat (D) and slope (S1–3) of North Keppel, Middle and Halfway reefs (referred to as “northern 
Keppels”). These are fringing reefs with an area of 0.44, 0.28 and 0.45 km2, respectively, and contain 
well-developed reef flats. 
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Figure 2-2. Chrono-stratigraphy of the three studied coral reefs. Relationship between U-Th age [(ka) calendar 
thousand years before 1950 CE] and elevation [(m) relative to mean lowest astronomical tide (LAT)] and 
palaeo sea-level [shade, envelope containing microatolls data from Lewis et al. (2008)]. White vertical bars 
indicate gaps in between four reef development intervals (Table 2-1). Lines group samples by core within and 
between reef development intervals (full and dotted lines, respectively). U-Th age errors are not shown because 
they are smaller than the size of the plotted points. Triangles in points signify age reversals. Age reversals 
represented only 9% of the total number of dated samples, compared with 21% age reversals elsewhere along 
the GBR based on our analysis of data in Perry and  Smithers (2011), although the difference may in part be 
due to the use of the less precise radiocarbon dating method there.  
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Figure 2-3. Kernel Density Estimates (KDE) distribution of ages of corals from reefs along the GBR 
[(e–g); (data from Perry &  Smithers, 2011)], and Moreton Bay [(h), (data from Lybolt et al., 2011)] 
compared with the northern Keppel Islands (a–d). (a–d): KDE age distribution by reef environment in 
the northern Keppel Islands. KDE values above upper fence (percentile 75th + percentile 75th – 
percentile 25th) define reef growth episodes (following Clark et al., 2014b). (e–h): KDE age 
distribution from the northern Keppels overall (dashed curves, identical to a) and other regions; the 
statistical comparison between regions in each panel used Kolmogorov-Smirnov test (d = statistic,   p 
= significance). White vertical bars as described in Figure 2-2. 
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Figure 2-4. Coral composition in nine core logs and U-Th ages. Relative abundance of coral genera in cores 
representative of each reef development interval (Table 2-1) of each studied reef and reef environment from 
the northern Keppel Islands. Also shown are U-Th age and error [years before present (1950 CE)]of dated 
coral fragments (three ages shown in grey do not correspond to the reef development interval that the core 
represents and indicate neglected reef development in that core since the age below them). Each panel label 
indicates a reef development interval (I–IV) followed by a core name. Acropora was the most abundant 
genus through time (mean abundance in each core shown at the top of each core; see also Table B-1). Core 
name code: (1st) reef H = Halfway, M = Middle, N = North Keppel; (2nd) reef environment, P = proximal 
reef flat, D = distal reef flat, S1–3 = reef slope 1–3; (3rd) year collected, 2 = 2012, 3 = 2013; (4th) sample 
type, “|” = percussion core; (5th) core index. Point size: weight of coral fragments (> 4mm) of each genus 
in every second 5cm section down-core (other = Seriatopora, Stylophora, Favites, Porites, Favia, 
Goniastrea, Astreopora, Galaxea). Curve: total coral relative to total sample weight (including sediment 
and other less abundant reef taxa, e.g. molluscs). 
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Figure 2-5. Reef development in the northern Keppel Islands compared with palaeoenvironmental 
records at different spatial scales over the past 7.5 ka [(ka) thousand years before 1950 CE]. (a) 
Chrono-stratigraphy of the northern Keppel Islands pooled by reef (for details see Figure 2-2) 
showing four distinct reef development intervals (Table 2-1). (b) Palaeo sea-level curves for eastern 
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Australia as reviewed by different authors adapted from Figure 4 in Lewis et al. (2008). QLD = 
Queensland, NSW = New South Wales, TS = Torres Strait. (c) Time series showing changes in ENSO 
variability based on a sedimentation record from southern Ecuador (adapted from Figure 1a in Moy 
et al., 2002). (d) Southern Oscillation Index proxy produced by Yan et al. (2011) based 
on precipitation records from Indonesia, western Pacific, originally presented by Oppo et al. (2009). 
Time periods: RWP = Roman Warm Period (50–400 CE), MWP = Medieval Warm Period (1000–
1300 CE), DACP = Dark Ages Cold Period (500–900 CE), LIA = Little Ice Age (1400–1850 CE). 
For more details see Figure 2 in Yan et al. (2011). (e) Salinity. (f) Sea surface temperature 
reconstructions from sediment cores in western tropical Pacific adapted from Figure 3 in                    
Stott et al. (2004). 
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3.1 Abstract 
The variability in accretion rates among coral reef habitats in the same regional and global 
environment is a valuable tool in predicting reef-building potential in the face of regional 
anthropogenic stressors and global climate change. Here, we compare accretion rates on the reef flat 
versus the reef slope environments within the same reefs, over timescales spanning a wide spectrum 
of environmental conditions during the Holocene. We tested for equal vertical accretion rates in reef 
flat versus reef slope environments (exclusively using reef sections accreting under comparable, non-
constraining sea-levels) in the mid- (~8–4 ka) and the late-Holocene (~4–0 ka) intervals. Focussing 
on three reefs in the northern Keppel Islands (southern Great Barrier Reef), 29 reef framework cores 
were collected and reef accretion was temporally constrained over the past 7.5 ka using 141 Uranium-
Thorium dates. Vertical accretion rates were higher during the mid- versus the late-Holocene (mid = 
8.34 ± 1.16 m/ka; late = 2.96 ± 0.51 m/ka). Significantly higher accretion rates occurred on mid-
Holocene reef slopes (10.75 ± 1.59 m/ka) than flats (5.92 ± 1.02 m/ka), whereas higher accretion rates 
occurred on reef flats (5.09 ± 0.57 m/ka) than slopes (2.38 ± 0.5 m/ka) during the late-Holocene. 
Following the onset of the late-Holocene (4 ka), accretion rates declined significantly on reef slopes 
(76%) but not on reef flats (13%). Late-Holocene reef slope accretion rates may have declined 
because the sea-level was lower and more variable and El Niño Southern Oscillation was enhanced 
during this time interval compared with the mid-Holocene but it is uncertain why reef flat accretion 
rates remained unchanged. Our study demonstrates that local reef environments can respond 
differently to large-scale environmental change over millennial timescales; this should help inform 
our ability to assess and manage the overall accretion potential of coral reefs.  
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3.2 Introduction 
The future response of ecosystems to ongoing climate change may be better predicted by 
examining past rates of environmental change (Pandolfi, 2011). Since coral reef vertical accretion 
rates varied substantially during the Holocene (Dullo, 2005) under environmental conditions largely 
similar to those at present, they may help contextualise future climate change predictions (Battarbee 
&  Binney, 2008; Stocker et al., 2014). Here we focus on the interval from the mid-Holocene to the 
present [approximately 8–0 ka (thousand years before 1950 CE) (Walker et al., 2012)], defining the 
boundary between the mid- and late-Holocene at 4 ka (based on Berkelhammer et al., 2012) (Figure 
3-1). Sea-level fluctuations have been a major driver of reef geomorphology during the Holocene 
(Woodroffe &  Webster, 2014). While sea-level clearly limits the vertical extension of reef accretion, 
its effect on accretion rates relative to other environmental factors is less clearly understood. 
Reef flat environments have been the focus of most reef accretion studies, including those 
undertaken in the Great Barrier Reef (GBR). The bulk of fringing reefs in the GBR accumulated 
between 8 and 5 ka but some reefs continued to accrete in the late-Holocene, often building reef flats 
up to sea-level (Hopley et al., 2007). Reef flat accretion rates on the GBR declined from the mid- to 
the late-Holocene mainly because the reefs filled the available accommodation space below sea-level 
(Hopley et al., 2007; Smithers et al., 2006). While this decline coincided with generally lower and 
less stable sea-levels (Lewis et al., 2008), it was also associated with increasing influence of El Niño 
Southern Oscillation (ENSO) (Moy et al., 2002) (Figure 3-1) and reduced wave energy reaching 
inshore reefs [sheltered by outer reefs that had reached sea-level (Hopley, 1984)]. 
Reef slope environments, which have been studied less well than reef flats, do provide 
evidence that rapid accretion rates were possible in the late-Holocene. In the central GBR, Roff et al. 
(2015) and Perry et al. (2012) showed that within the past 1 ka, accretion rates in reef environments 
unconstrained by sea-level were within the range of those from 8 to 5.5 ka in the mid-Holocene, when 
optimum reef growth occurred (Smithers et al., 2006). This is in marked contrast to the evidence from 
reef flat environments that suggests accretion rates were lower during the mid- than the late-Holocene 
(Hopley et al., 2007; Smithers et al., 2006) and suggests that the difference in accommodation space 
available above reef slopes, but not reef flats, is a significant driver of the difference in accretion rates 
across reef environments (Roff et al., 2015). 
“Reef flats are the most recent expression of coral reef growth at sea-level” [p. 869 in Hopley 
(2011)]; however, before reef flats reach sea-level, differences in accretion rates between reef flats 
and reef slopes may be negligible. Accretion rates depend on the framework or detrital nature of the 
reef contents (Hopley et al., 2007; Perry et al., 2012 ), factors that cannot be assumed constant across 
reef environments. Because environmental variability increased globally from the mid- to the late-
 
HOLOCENE REEF ACCRETION RECORD FROM THE SOUTHERN GBR       64 
Holocene (Walker et al., 2012), particularly in the mid- and low-latitudes (e.g. Berkelhammer et al., 
2012), environmental factors other than sea-level may have influenced variability in accretion rates 
through the Holocene. 
Examining how reefs in different locations respond to similar environmental conditions is 
fundamental to understanding the role of sea-level relative to other environmental factors influencing 
reef accretion and critical to assessing the overall accretion potential of a reef system. Accretion rates 
are difficult to compare directly across reef environments over timescales spanning a wide spectrum 
of environmental conditions possible during the Holocene owing to two important issues. First, there 
are no data from reef flat and slope environments of the same reefs during each of the mid- and the 
late-Holocene intervals. Second, earlier work is characterised by low temporal resolution (using few 
and/or imprecise radiocarbon dates), which impairs discriminating precisely which section in a reef 
flat accreted unconstrained by sea-level, and therefore, is comparable with the (also unconstrained) 
slope environment of the same reef. 
Here we report accretion rates from both reef flats and slopes within the same reef system 
from 7.5 ka to present, using 29 reef matrix cores chronologically constrained using 141 high-
precision Uranium-Thorium (U-Th) dates. Focussing on reefs from the northern Keppel Islands 
(southern GBR), we tested for equal accretion rates between Holocene intervals, overall and within 
each reef environment. We also tested for equal accretion rates between the reef flat and slope 
environments, overall and within each of the mid- and the late-Holocene intervals. Information on 
how different reef environments responded to global changes in environmental conditions over 
millennial timescales is key to predicting the overall potential for coral reefs to accrete in the face of 
anthropogenic global climate change. We found significant variability in accretion rates across 
Holocene intervals, overall and for reef slope environments and across reef environments within each 
of the mid- and late-Holocene intervals. This was associated with large-scale environmental change 
from the mid- to late- Holocene, before human impact and with the more localised effect of water 
depth.  
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3.3 Methods 
The Keppel Islands region adjoins the largest river catchment draining into the GBR lagoon, 
the Fitzroy River catchment (Rolfe et al., 2006), and constitutes the southern limit of fringing reef 
accretion in the inshore GBR (Hopley et al., 2007) (Figure 3-2). Here, fringing reef development is 
exceptionally high compared with other inshore reef areas in the southern GBR (Hopley et al., 2007). 
Fringing reefs with well-developed reef flats were sampled on the leeward side of three high 
continental islands: Halfway, Middle and North Keppel (hereafter referred to as the “northern 
Keppels”; Figure 3-2). In 2012 and 2013, at each of two reef flat sites and 1–3 reef slope sites (Figure 
3-2), 1–3 reef matrix cores were extracted randomly at a 90º angle to the sea floor utilising aluminium 
tubes (10 cm diameter and 6.5 m maximum length; 29 cores in total see Appendix to Chapter 3 for 
details of the cores included in Chapter 2 but excluded here). Sites on the reef flat proximal to the 
strand line [labelled “P” (proximal reef flat)] were between 55–455 m away from sites on the reef flat 
distal to the strand line [labelled “D” (distal reef flat)]. Reef slope sites (labelled S1–3) were 125–175 
m apart from one another and were cored at ~5 m water depth utilising SCUBA. Core compaction 
[i.e. recovery / penetration (Toth et al., 2012)] ranged from 58 to 99%. Down-core positions were 
determined in meters relative to mean lowest astronomical tide (LAT) and referenced to published 
palaeo sea-level curves (Lewis et al., 2008). Cores were imaged using a computed tomography (CT) 
scan (Lightspeed VCT, General Electric Healthcare; 625 μm axial slice increments, 100 mm field of 
view, 110 kV, and 300 mAs) and sectioned longitudinally, with one core half archived at 4ºC and the 
other half sampled. Eight core halves, representing the reef flat (n = 4) and slope (n = 4) environments 
in the mid- and the late-Holocene intervals, were sieved and logged at every second 5 cm increment. 
Logs included the biomass of each fraction of the core-contents retained in sieves of 0.063, 0.425, 
and 4 mm mesh-diameter. From the fraction > 4 mm, the biomass of each reef-building coral taxa 
was recorded to genus level. 
Core chronologies were constructed based on age evidence from coral fragments selected 
from CT images for U-Th dating. Each dating sample was sectioned to select the visually cleanest 
material, which was then crushed, soaked in peroxide and sonicated as described in Clark et al. 
(2014). Approximately 150 mg of material with no visual signs of contamination was selected under 
the microscope for U-Th dating at the Radiogenic Isotope Facility (The University of Queensland) 
using a Nu Plasma multi-collector inductively coupled plasma mass spectrometer (MC ICP-MS) 
following methods described in Clark et al. (2014). U-Th ages are reported with 2σ errors 
representing two standard deviations from the mean. 
All statistical analyses used the “stats” package in the R software (R Core Team, 2014), except 
otherwise indicated. Accretion rates depend on the framework or detrital nature of core-contents (Fig. 
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11.4 in Hopley et al., 2007). Thus, we first evaluated potential differences in the average percentage 
composition of each of three key sedimentary constituents between reef environments: (a) coral 
framework, (b) medium-size sediments (0.425–4 mm), and (c) fine sediments (0.063–0.425 mm) 
between reef flat versus slope environments, using Student’s t-tests. 
To estimate the accretion rate of each core we used the slope coefficient of a weighted least 
squares linear model fit to the age-to-elevation data. The significance of the difference in accretion 
rates between cores from the mid- versus the late-Holocene and between cores from reef flats versus 
reef slopes was tested using non-parametric Wilcoxon tests. A non-parametric one-way Kruskal-
Wallis test and post-hoc paired contrasts were used to test for significant differences in accretion rates 
among the three studied reefs [using the function “kruskalmc” in the “pgirmess”, R software, 
(Giraudoux, 2014)].  
 
HOLOCENE REEF ACCRETION RECORD FROM THE SOUTHERN GBR       67 
3.4 Results 
In total, 141 U-Th ages were obtained from coral fragments of eight genera (80% Acropora) 
ranging from 7.452 ka to the present with age errors after non-radiogenic 230Th correction ranging 
from 0.001–0.092 ka (mean ± 0.012 ka; Table A-1). Relatively large variability occurred across reefs 
and reef environments in (a) the age range over which they accreted, (b) the timing when reef flats 
reached sea-level, and (c) the elevation that reef flats reached relative to current sea-level (Figure 3-3, 
Table 3-1). 
Three caveats were considered before further analyses. First, because reef flats typically 
accrete at reduced rates as they approach sea-level (Davies &  Marshall, 1979), cores from reef flats 
and slopes may not be directly comparable. Four reef flat core sections were identified as having had 
their accretion influenced by limited accommodation space and were excluded. The judgement was 
based on clear evidence that these sections occurred at the top of well-constrained ( ≥ 3 U-Th dates, 
R2 > 0.79) reef flat cores, near palaeo sea-level (Lewis et al., 2008) and showed a steep decline in 
accretion rates relative to the preceding core section (dotted lines in Figure 3-3). This exclusion 
showed no significant effect on the overall mean accretion rate using all cores (Wilcoxon, W = 300, 
p = 0.492). However, when the four reef flat cores containing these sections were considered 
separately, the average accretion rate was significantly higher when these core sections were excluded 
(from 1.7 m/ka to 4.9 m/ka; Wilcoxon, W = 0, p = 0.029). Second, 35 samples dated younger than 0 
ka (equivalent to 1950 CE) and were excluded to avoid confounding reef accretion with growth of 
modern coral colonies. Third, 12 age reversals (i.e. 8.5% of the U-Th dataset) were also excluded as 
well as two cores with only one age in each, because a single date precludes calculating a linear 
regression (Figure C-1). 
Reef flat and slope cores did not differ in the composition of the three key sediment 
constituents. In eight representative cores, the average percentage composition of coral framework (> 
4 mm), medium-size sediments (0.425–4 mm) and fine sediments (0.063–0.425) was 47.44 ± 1.3, 
18.63 ± 0.73 and 33.93 ± 0.94 %, respectively (Figure C-2, Figure C-3). The average percentage 
composition of cores from reef flats was not significantly different from that of cores from reef slopes 
(Student’s t-Tests; coral > 4 mm: t = 0.952, p = 0.342; sed. 0.425–4 mm: t = 0.284, p = 0.778; sed. 
0.063–0.425 mm: t = -1.562, p = 0.119) (Figure C-2, Figure C-3). 
Overall, accretion rates ranged from 0.5 to 26.3 m/ka. However, after excluding two cores 
with outlying accretion rates (higher than two standard deviations from the mean), accretion rates 
among cores ranged from 0.5 to 16.3 m/ka (R2 coefficient 0.71–1.00) with an overall mean of 5.8 
m/ka. The data set used to test for significant differences across reef environments and Holocene 
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intervals included 26 cores with a total of 92 U-Th ages (3 cores with 2 ages, 15 with 3, 4 with 4, 2 
with 5, 1 with 7 and 1 with 8). 
Accretion rates varied significantly among reefs (Kruskal-Wallis, X2 = 23.061, df = 2, p < 
0.01). Post-hoc tests showed significantly higher accretion rates at Halfway versus North Keppel reef 
(Figure 3-4a, Table 3-2). Pooling data across Holocene intervals, average accretion rates from reef 
flats and slopes were not significantly different (flat: 5.64 ± 0.69 m/ka vs slope: 5.33 ± 1.18 m/ka, 
Wilcoxon, W = 97, p = 0.281, Figure 3-4b). Partitioning the data by Holocene interval, during the 
mid-Holocene, the average vertical accretion rate was significantly higher on reef slope environments 
(slope: 10.75 ± 1.59 m/ka vs flat: 5.92 ± 1.02 m/ka, Wilcoxon, W = 30, p = 0.033). In contrast, during 
the late-Holocene, average vertical accretion rate was significantly higher on the reef flat environment 
(flat: 5.09 ± 0.57 m/ka vs slope 2.38 ± 0.5 m/ka, Wilcoxon, W = 30, p = 0.043, Figure 3-4b). 
Pooling data across reef environments, the average vertical accretion rate in the mid-Holocene 
was higher than in the late-Holocene (mid: 8.34 ± 1.16 m/ka; late: 2.96 ± 0.51 m/ka, Wilcoxon, W = 
154, p < 0.01). The average vertical accretion rate was significantly higher on the reef slope during 
the mid- than the late-Holocene (mid: 10.75 ± 1.59 vs late: 2.38 ± 0.50 m/ka; Wilcoxon, W = 66, p < 
0.01) but the reef flat environment showed no significant differences in accretion rates between the 
two time intervals (mid: 5.92 ± 1.02 vs late: 5.09 ± 0.57; Wilcoxon, W = 9, p = 1) (Figure 3-4). 
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3.5 Discussion 
When accretion rates in reef flat and reef slope environments within the same reefs in the 
northern Keppel Islands are compared over the past 7.5 ka, rates rise in the mid-Holocene and decline 
since 4 ka. This decline followed the onset of the late-Holocene—with increased environmental 
variability (Walker et al., 2012)—and was significant only on reef slopes, suggesting important 
variability across local reef environments. 
Substantial variability in accretion rates over millennial timescales was indicated by evidence 
of 65% higher average vertical accretion rates during the mid- versus the late-Holocene (Figure 3-4b). 
Differences in environmental conditions between the mid- and late-Holocene are documented 
worldwide and are particularly notable in mid- and high-latitude records (Walker et al., 2012). Sea-
level fluctuations are considered the main driver of coral reef geomorphology during the Holocene 
(Woodroffe &  Webster, 2014). In the GBR, higher and relatively more stable sea-level prevailed 
during the mid-Holocene (Lewis et al., 2008). ENSO and the Pacific Decadal Oscillation (PDO) were 
enhanced after ~5–4 ka (Figure 3-1a) (Barron &  Anderson, 2011; Moy et al., 2002) and this coincides 
with a hiatus in reef initiation in the GBR (Perry &  Smithers, 2011) and hiatuses in reef accretion in 
the Eastern Tropical Pacific, (Toth et al., 2012) and Moreton Bay, Queensland, Australia (Lybolt et 
al., 2011). Thus, the decline in accretion rates from the mid- to the late-Holocene in the northern 
Keppels is consistent with increased large-scale environmental variability and with documented 
decline in accretion rates. 
Substantial variability in accretion potential across reef environments was indicated by a 
significant decline (76%) in vertical accretion rates from the mid- to the late-Holocene on the reef 
slopes in contrast to steady accretion rates on the reef flats (non-significant 13% decline). Reefs flats 
in the northern Keppels showed good potential for accretion under sub-optimal environmental 
conditions. Reef flat accretion rates of 8.4–9.5 m/ka on North Keppel between 5–4 ka, and of 4–5.9 
m/ka on Middle from 1.2–3.2 ka indicated that relatively rapid accretion was possible outside the 
temporal window when optimum reef growth in the GBR was previously reported [from 8–5.5 ka 
(Smithers et al., 2006)]. Hopley et al. (2007) documented a 50% decline in accretion rates from GBR 
reef flats from the mid- to the late-Holocene, from 3.15 m/ka to 1.59 m/ka on average between 8–4 
ka and 4–0 ka, respectively. In contrast, reef flat accretion rates in the northern Keppels were steady 
throughout the Holocene, 2x higher than GBR reef flats in Hopley et al. (2007) during the late-
Holocene (Figure 3-4), yet, within the range of variation evidenced in contemporaneous core sections 
from GBR reef flats in Perry &  Smithers (2011) (Table 3-3, Figure C-4). 
Accretion rates from the mid- to the late-Holocene showed a steeper decline on reef slope than 
reef flat environments, contrary to the expectation that accretion rates on reef flats would 
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preferentially decline because they were closest to sea-level. Reef slope average accretion rate in the 
northern Keppels during the late-Holocene (2.38 ± 0.5 m/ka) was four times lower than previously 
reported in the central GBR from 1–0 ka [8.8 ± 1.2 m/ka (Roff et al., 2015)] (Figure 3-4). Another 
study in the central GBR from an open-water reef, similarly unconstrained (or only recently 
constrained) by sea-level, also shows substantially higher accretion rates than the northern Keppels 
from 0.7–0 ka [accretion rate mean = 8.3 m/ka and range = 4–13 m/ka (Perry et al., 2012)]. However, 
previous evidence from reef slope environments in the GBR is extremely scarce and only spans the 
last millennium. Future research is required to compare accretion rates from reef slopes in the northern 
Keppels before 1 ka and to clarify why, in the northern Keppels, accretion rates declined more on the 
reef slope than on the reef flat environment (Figure 3-4). 
Sediment deposition rates in reef environments of the Keppel Islands are unknown but 
estimates are available for the Fitzroy estuary. Sediment has accumulated in the Fitzroy estuary at an 
average rate of 1,720,000 tons per year over the past 8000 years (Bostock et al., 2007). Cores from 
tidal creeks show sedimentation rates of ~15 mm per year over the past 45-120 years (Bostock et al., 
2007). Most sediment delivered by the Fitzroy River is retained in the lower floodplain and estuary 
so a minor proportion of sediments appear to reach the studied reefs (Bostock et al., 2007; Webster 
&  Ford, 2010). 
3.5.1 Environmental Drivers 
The relatively lower sea-level and enhanced ENSO and PDO activity during the late-Holocene 
relative to the mid-Holocene could have increased runoff from the Fitzroy River, resulting in 
increased turbidity. Turbidity has a negative effect on the millennial scale development of coral reefs 
in the southern GBR (Van Woesik &  Done, 1997). However, core logs from the northern Keppels 
do not show evidence of increases in fine sediments from older to younger cores, or from older to 
younger parts of the same cores (Figure C-3). Neither is there evidence of differences in the 
framework and detrital composition of the cores from different reef environments. In Keppel Bay, 
most terrigenous sediments sourced by the Fitzroy River are trapped at its mouth and those 
transported by tides and waves are deposited northwards along the shoreline, and may not commonly 
reach the study sites (Figure 6b and 7a in Ryan et al., 2007). Thus, there is no evidence that the 
mechanism underlying the decline in reef accretion rates in the northern Keppels involved increased 
long-term sedimentation. 
Water-depth may have further influenced reef accretion rates in the northern Keppels. 
Evidence from Halfway supports previous findings from GBR reef flats that optimum vertical 
accretion rates (~7 m/ka) occur in water depth between 4–8 m, with rapid decline in deeper (~8+ m) 
or shallower (~4–0 m) water (Figure 11.7 in Hopley et al., 2007; Partain et al., 1989). At Halfway 
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reef, the slope environment accreted in 3.6–8.7 m palaeo water-depth, whereas the reef flat 
environment accreted in < 3.2 m paleo water-depth [considering that the palaeo sea-level was 0.8 ± 
0.2 m higher than present between 7.4–5 ka (Lewis et al., 2008)]. Correspondingly, accretion rates 
from the reef slope, mostly within the “optimum” water-depth range, were more than double 
compared with the reef flat, in shallower water-depth (accretion rates range: slope, 7.3–16.3 m/ka; 
flat, 3.1–5.1 m/ka). 
Reef corals and coralline algae play a role in reef accretion rates, which vary with water depth. 
Calcification rates of coralline algae can be an order of magnitude lower than those of reef corals 
(Kuffner et al., 2013) and coralline algae zones generally contribute little to overall reef production 
(Marsh Jr, 1970). However, coral calcification is generally less than maximum at sea-level [it is 
maximum at intermediate water depth (~10m) and decreases steeply in deeper water (Baker &  
Weber, 1975; Huston, 1985; Lough &  Cooper, 2011)]. Thus, it is expected that where coralline algae 
are more abundant than corals near sea-level reef accretion rates may go down. 
However, our sampling strategy fails to fully separate variability in accretion rates that are 
due to differences in water depth from those that are due to differences between reef environments. 
The longest reef flat core was ~4.5 m and we sampled reef flats at or above current sea-level and 
slopes at ~5 m depth. Therefore, even with a relative sea-level drop of up to 1.5 m since mid-Holocene 
(Lewis et al., 2008), most of the reef accretion would have occurred (a) at suboptimal shallow water 
in cores from reef flats and (b) at optimal depth in cores from reef slopes. Thus, a bias towards 
relatively higher accretion rates on reef slopes is possible. While our data does not exclude the 
possibility that some reef flat framework accumulated below the reach of our cores, our evidence 
suggests that little reef flat accretion actually occurred within the narrow range of water depth 
associated with optimal accretion rates (4–8 m) (Hopley et al., 2007; Partain et al., 1989). In such 
cases, longer cores would have yielded similar conclusions. 
3.5.2 Conclusions 
A record of reef accretion from the southern GBR spanning from 7.5 ka to the present points 
to substantial variability in accretion rates from the mid- to the late-Holocene intervals and across 
reef environments. Our evidence indicates variability in accretion rates across reef flat and reef slope 
environments beyond what the differences in accommodation space can explain. This is consistent 
with the important but not exclusive role of sea-level in driving the differences in accretion rates at 
the local-scale across reef environments; consequently, sea-level cannot fully predict the overall 
accretion potential of a reef. Reef flat and slope environments in the study area responded differently 
to changes in large-to-global scale environmental variability (sea-level and ENSO) from the mid- to 
the late-Holocene, with reef accretion rates declining steeply on reef slopes but remaining stable on 
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reef flats. This is consistent with accretion rates, at least on reef slope environments, being sensitive 
to environmental factors that go beyond the local scale. It also demonstrates that some rapidly 
accreting reefs, at least on reef flat environments, can cope with the range of environmental variability 
observed throughout the mid- and late-Holocene but the mechanisms remain unclear. 
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3.6 Tables 
Table 3-1 
Summary of the accretion chronology of Halfway, Middle and North Keppel reefs 
 Reef 
 Halfway  Middle   North Keppel 
  Flat Slope   Flat Slope   Flat Slope 
         
Holocene range mid mid-late  late late  mid late 
Age range (ka) 7.5-6.4 S1-2: 3.1-5.4              
S3: 2.0-3.5 
3.2-1.2  0-0.5  6.9-4.1 0-3.2 
Age when  sea-level 
was 1st reached (ka) 
6.5-6    ~3    6.5-6   
Highest elevation 
reached (m) 
0.91   0.42   0.71  
Age at highest 
elevation reached (ka) 
6.4   0.1   4.3  
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Table 3-2 
Pairwise comparison test for significant differences in accretion rates among reefs 
Pairwise comparison 
Observed       
difference 
Critical       
difference 
Halfway-Middle 21.511 27.858 
Halfway-North Keppel 28.035 16.552 
Middle-North Keppel 6.524 21.815 
 
Note. Bolt font face indicates significant difference. 
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Table 3-3 
Accretion rates in cores from the supplementary material in Perry and  Smithers (2011) between 
3.2–1.2 ka, for comparison with mean accretion rates of 5.10 ± 0.57 m/ka (range 4–5.9 m/ka) 
observed in cores from Middle reef flat during the same period 
 Region Mean SE Range 
     (m/ka)  (m/ka)  (m/ka) 
All dates included    
 Northern GBR 2.61 - 2.6 
 Central GBR 3.75 1.05 1–5.8 
 Southern GBR 6.16 4.87 1.3–11 
Excluding age reversals   
 Northern GBR 2.61 - 2.6 
 Central GBR 5.1 2.17 1–11.2 
  Southern GBR 14.46 13.17 1.3–27.6 
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3.7 Figures 
 
Figure 3-1. Environmental variability during the time span of this study. (a) The isotopic signal at 4 ka in 
the speleothem record from Mawmluh Cave (north-east India, after Berkelhammer et al., 2012) is 
considered an appropriate marker for a global event that delimits the mid- to late-Holocene boundary 
(after Walker et al., 2012). (b) Sedimentation record from Ecuador (Moy et al., 2002) showing increased 
ENSO variability during the late-Holocene. (c) Holocene sea-level variability based on records from 
eastern Australia [Q = Queensland; N= New South Wales; T = Torres Strait; barn = barnacles; micr = 
microatolls; oyst = oysters; tube = tubeworms (after Lewis et al., 2008)]; arrow indicates the time  period 
when optimum reef growth was previously documented [between 8–5.5 ka (Smithers et al., 2006)]. 
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Figure 3-2. Regional setting of the Keppel Islands, inshore southern GBR. Shows the three 
sampled reefs (referred to as “northern Keppels”) and sites on the reef flat [distal (D) and 
proximal (P) from the strand line] and the reef slope (S1–3) environments. 
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Figure 3-3. Linear regression models fit to age-to-elevation data. Lines [black: reef flat (F); grey: reef 
slope (S)] represent the mean accretion rate of each core estimated as the slope coefficient of the model 
(plotted numbers indicate the model coefficients in the format “slope|R2”). Grey horizontal line at 0 m 
LAT represents current sea-level and grey crosses indicate the position of palaeo sea-level and error (after 
Lewis et al., 2008 ). Grey dotted vertical line at 4 ka indicates the boundary between the mid- and late-
Holocene. Black dotted lines at the top of some cores indicate core sections that presumably accreted 
constrained by sea-level (see Figure C-1 details on filtered data). 
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Figure 3-4. Comparison of vertical accretion rates from reef flats (red bars) and slopes (grey bars) in 
the northern Keppels. (a) Comparison among reefs and sites within reefs (P = proximal reef flat;     D 
= distal reef flat; S1–3= slope 1–3) and Holocene intervals (mid = solid line; late = dashed line). (b) 
Data pooled by reef and partitioned in 1 ka bins compared with inshore fringing reef flats from 
elsewhere in the GBR [red circles (Hopley et al., 2007)] and reef slopes from the Palm Islands during 
the last 1 ka [filled grey circles and error bars: higher = data from 2–5 m long cores, lower = data from 
5 m long cores exclusively (Roff et al., 2015)]. Bars without standard errors represent data from single 
cores. Red and grey horizontal lines at the background of each panel indicate mean accretion rate from 
reef flats and slopes, respectively, across groups within each panel. Asterisks indicate significant 
differences between the means of the groups indicated by the arrows (see text for p values). 
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4.1 Abstract 
Mounting evidence relates ongoing coral reef decline to recent human impact. However, the 
natural and anthropogenic causes of variation in reef-building coral community composition and the 
underlying mechanisms ruling such variation remain unclear owing to the scarcity of empirical data 
spanning longer than a few decades. Here we examined the variation of coral community structure in 
three reefs from the southern Great Barrier Reef (GBR) during three time intervals: the mid-Holocene 
(8–4 ka), the (pre-European) late-Holocene (4–0.2 ka) and the modern (~present day). We tested the 
role of stochastic versus deterministic processes in shaping community assembly. Community 
structure differed significantly from the mid-Holocene to later time intervals but not from the late-
Holocene to the modern. The diversity in each local community (i.e. α-diversity as measured by genus 
richness and Shannon-Weiner diversity) decreased and the dissimilarity among communities (β-
diversity) increased with time. These results were associated with lower and more variable sea-levels, 
lower wave energy, and enhanced El Niño Southern Oscillation and Pacific Decadal Oscillation since 
the onset of the late-Holocene. In contrast, β-diversity among local communities did not vary across 
time intervals any more or less than expected by chance. While our evidence highlights the impact of 
regional environmental factors on α-diversity, it indicates that stochastic processes played a key role 
in maintaining coral community structure in these reefs from 7.5 ka to the present day. Further, 
stability of community structure since the onset of the late-Holocene suggests that coral communities 
in the Keppels remain ecologically indistinguishable from their pre-colonial counterparts, with no 
apparent degradation from human intervention. 
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4.2 Introduction 
Investigations of community ecology commonly cover less than a century, thus providing 
limited understanding of the dynamics of ecosystems supported by long-lived organisms. This 
temporally limited perspective also impairs ecosystem management because it fails to separate long-
term natural ecosystem variation from variability caused by relatively recent anthropogenic 
degradation. However, the fossil record of some hard-bodied, long-lived organisms including reef-
building corals, provides a reference against which modern trends in ecosystem variability can be 
assessed (Pandolfi, 2011). 
On coral reefs, the fossil record helps contextualise modern trajectories of ecosystem decline 
(Pandolfi et al., 2003). The fossil record shows ecological persistence in coral communities, including 
evidence from the late-Pleistocene from Barbados and Papua New Guinea (Jackson, 1992; Pandolfi, 
1996; Pandolfi &  Jackson, 2006), and from the Holocene from the GBR [over the last millennium 
(Roff et al., 2013)] and Belize and Panama [in the past 3 ka (Aronson et al., 2004; Aronson &  Precht, 
1997)]. In contrast, evidence from live coral communities spanning a few years to a few decades 
shows substantial variability in community composition (Connell et al., 2004; Connell et al., 1997; 
Sweatman et al., 2011). While reef-building coral community dynamics varies with spatial and 
temporal scale, from a management viewpoint, it is critical to establish whether such variability 
responds to natural fluctuations or is a geologically unprecedented outcome of anthropogenic 
degradation of reef habitats (Pandolfi, 2002). Another important issue centers on the role of 
anthropogenic degradation result in the loss of diversity through time and changes in the community 
structure (Dornelas et al., 2014; Pandolfi &  Lovelock, 2014). 
Previous studies have successfully used the fossil record to disentangle natural from 
anthropogenic variability in reef-building coral communities but insufficiently cover the interval 
since the mid-Holocene (~8–0 ka); they cover either an earlier time period (e.g. Pandolfi &  Jackson, 
2006) or only a narrow temporal window since 8 ka (e.g. Aronson &  Precht, 1997; Roff et al., 2013). 
The interval since the mid-Holocene is particularly relevant as sea-level, topography and continental 
ice extent have remained close to modern conditions (Battarbee &  Binney, 2008). The transition 
from the mid-Holocene (~8–4 ka) to the late-Holocene (~4–0 ka) is especially interesting because it 
represents the onset of increased large-scale natural environmental variability (Battarbee &  Binney, 
2008; Walker et al., 2012). Thus, understanding how coral reef ecosystem dynamics changed from 
the mid- to the late-Holocene should help inform and manage reefs in the face of ongoing climate 
change (Stocker et al., 2014). 
On the GBR in Australia, Holocene fossil reefs record geomorphological, environmental and 
ecological information from several millennia before European arrival and impact began (early 1800s 
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR  85 
- Queensland Treasury, 2009). Coral reefs on the GBR mainly accumulated from 8–5 ka, as sea-level 
stabilised near its current position, but some reefs have continued to accrete throughout the late-
Holocene until the present day (Hopley et al., 2007). Reef growth substantially decreased from the 
mid- to the late-Holocene (Smithers et al., 2006). This coincided with increased large-scale 
environmental variability during the late-Holocene, most notably at mid- and low-latitudes (Walker 
et al., 2012), including lower and more variable sea-level (Lewis et al., 2008) and enhanced El Niño 
Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) (Barron &  Anderson, 2011; 
Moy et al., 2002; Rodríguez-Ramírez, 2013). 
Whereas the geomorphological and environmental dynamics of Holocene GBR reefs is 
gradually being elucidated, palaeoecological information is scarce; it generally spans only the last 1 
ka. So far temporal trends in community structure include both persistent and shifted community 
composition in the inshore central GBR (Perry et al., 2009; Perry et al., 2008; Roff et al., 2013). A 
longer-term study, from the Keppel Islands (inshore southern GBR) showed persistent Acropora coral 
assemblages from 7.5–0 ka (chapter 2). However, the contribution of the full suite of coral genera to 
the compositional variation through time remains unclear and the underlying mechanisms 
determining the assembly of reef-building coral communities over millennial timescales have not 
been examined. 
Here, we investigate the long-term ecological dynamics of a reef system subject to major 
natural and anthropogenic disturbance, using a sedimentary record of reef-building coral community 
composition spanning 7.5 ka to present, from the northern Keppel Islands, in the inshore southern 
GBR. First, we test for persistent patterns of diversity and community structure in reef-building corals 
through time. We gathered palaeoecological data from mid- and late-Holocene communities from 
sedimentary cores taken through the reef framework and ecological data on modern communities 
from surveys of live corals. Understanding the variability in patterns of diversity and community 
structure over millennial timescales relative to the modern is necessary to ascertain whether or not 
these reefs are currently within their natural range of ecological variability, which provides a reliable 
long-term context for assessing the ecological condition of a reef system through to the present 
(Pandolfi, 2011). 
Second, we evaluate the role of stochastic and deterministic processes of community 
assembly. Hereafter, “stochastic processes” and “deterministic processes” will be referred to as any 
ecological process that generates patterns of community structure, involving random chance alone or 
non-random mechanisms, respectively (Chase &  Myers, 2011). The rules under which ecological 
assemblages are formed are important to predicting ecosystem attributes under different 
environmental and ecological scenarios. They can be used in ecological restoration projects to target 
efforts towards facilitation of specific processes that yield the desired ecological state. We find 
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substantial variability in reef-building coral community structure through time, with significant 
variation between mid-Holocene and earlier communities; community assembly was dominated by 
stochastic processes. 
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4.3 Methods 
4.3.1 Study Area 
The Keppel Islands region lies at the high-latitude margin of the Central Indo-Pacific marine 
realm (Beger et al., 2014; Spalding et al., 2007), just north of the Tropic of Capricorn, and represents 
the southern limit of fringing reef development on the inshore GBR (Figure 4-1). Here, reef 
development is exceptionally higher than in other areas of the southern GBR (Hopley et al., 2007), 
despite adjoining the largest river catchment discharging into the GBR lagoon, the Fitzroy River 
catchment (Rolfe et al., 2006). Most fine sediments carried by flood plumes are deposited at the 
mouth of the Fitzroy River. The remaining sediments are pushed north by the Coriolis force and the 
prevailing southeasterly winds, and deposited along the coast, within “the terrigenous sediment 
advection and deposition zone” extending ~2–10 km from the shore (Figure 9 in Ryan et al., 2007). 
4.3.2 Sampling Design 
In March 2012 and June 2013 we sampled three leeward reefs with well-developed reef flats 
in the northern Keppel Islands, i.e. Halfway, Middle, and North Keppel reefs. These reefs lie between 
~30 and 40 km from the Fitzroy river mouth, outside the terrigenous sediment advection and 
deposition zone (Figure 9 in Ryan et al., 2007) (Figure 4-1). 
“Modern” local communities were defined as each group of live reef-building corals sampled 
along a single 20x1 m belt transect placed parallel to the reef margin. From each reef, 1–4 transects 
were sampled at random from 1–3 reef slope sites, ~100 m away from each other, at ~5 m water depth 
on SCUBA (19 modern communities in total). Along each transect, a total of 20 non-overlapping 
0.6x0.6 m quadrats were photographed and the percent relative abundance of different coral genera 
was measured using CPCe (Kohler &  Gill, 2006). 
“Mid-Holocene” and “late-Holocene” (“mid” and “late” for short) local communities were 
defined as each group of skeletal remains of reef-building corals sampled in a single core through the 
reef matrix, dating between 8–4 ka and 4–0 ka, respectively. From each reef, 1–2 reef matrix cores 
were extracted from 1–2 reef slope sites (adjoining modern communities) and 1–2 reef flat sites. Reef 
slope and reef flat sites were positioned 120–580 m and 20–430 m, respectively, seaward from the 
strand line. On the reef flat, there was one site proximal and one site distal from the strand line, except 
at Halfway reef, with only one site on its proximal reef flat (Table 4-1, Figure 4-1). In each site, the 
cores were separated by ~5 m from each other and were collected at random, at a 90º angle to the sea-
floor, utilising aluminium tubes of 10 cm diameter and 6.5 m maximum length (9 cores in total). 
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Down-core positions were measured relative to mean lowest astronomical tide (LAT), and paleo sea-
level was calculated from published sea-level curves (Lewis et al., 2008). 
Cores were imaged utilising a computed tomography (CT) scan (Lightspeed VCT, General 
Electric Healthcare; 0.625 mm axial slice increments, 100 mm field of view, 110 kV, and 300 mAs), 
sectioned longitudinally and photographed. One core half was archived at 4ºC and the other half was 
logged at every second 5 cm increment. Each section was sieved and coral fragments > 4 mm were 
identified to genus level and their dry weight was measured and summed across all sections in a core 
to calculate the total percent relative abundance of each genus per time interval per core. 
4.3.3 Dating 
Each core was dated based on the radiometric age of multiple coral samples (4–10 per core, 
54 in the nine cores in total). Dating samples were selected from CT images, without taxonomic 
preference and were sufficiently large to ensure a minimum weight of 150 mg after cleaning. Cleaning 
each dating sample involved removing visual signs of contamination such as dirt and bioeroders using 
a table saw, then crushing the remaining material and soaking it in ~10% H2O2 overnight. Then, 
samples were rinsed with Milli-Q water and ultra-sonicated multiple times until the water in 
suspension was clear (Clark et al., 2014). Following inspection under the microscope, ~150 mg of 
material with no visual signs of contamination was selected for U-Th dating at the Radiogenic Isotope 
Facility (The University of Queensland) using a Nu Plasma multi-collector inductively coupled 
plasma mass spectrometer (MC ICP-MS) [following Clark et al. (2014)]. 
The age range of any single core section was defined based on the U-Th age of the two 
consecutive dated coral fragments bracketing that core section. Reef building coral communities from 
the modern, i.e. since European development in Queensland (defined from 0.127 ka to the present 
day) were excluded, as live coral communities along photo transects were used instead. After such 
exclusion, all sections in any one core corresponded to either the mid- or the late-Holocene (Figure 
D-1). 
4.3.4 Data Analysis 
The absolute abundance of each coral genus in each core/transect was square root 
transformed, to reduce the influence of dominant genera, and standarised to relative abundance, to 
allow comparison between the abundance of species from mid- and late-Holocene communities and 
that of modern communities. We calculated Bray-Curtis dissimilarity (as 1 - Bray-Curtis similarity) 
among each pair of communities within each time interval to compare reef-building coral community 
composition through time. 
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We used a permutational multivariate analysis of variance [“adonis” function (Anderson, 
2001a); 10,000 permutations] to test for significant differences in dissimilarities across the mid-
Holocene, the late-Holocene and the modern. Water depth and its interaction with time interval were 
analysed as co-variates, with time interval as the main factor, to test if variation in water depth 
contributed significantly to any differences in community composition. 
The water depth at which mid- and late-Holocene communities occurred was defined as the 
current water depth at the top of each core corrected using the mean paleo sea-level for each Holocene 
interval, which was estimated from microatoll data in Lewis et al. (2008) (Figure D-2). Post-hoc 
comparisons between each pair of communities from the mid-Holocene, the late-Holocene and the 
modern were made using permutational multivariate analyses of variance with adjusted p values 
(Bonferroni correction). We tested whether significant differences in community composition 
through time were confounded with dispersion within time intervals (Anderson, 2001b). For this, we 
calculated the average distance of community dissimilarities within each time interval to its centroid 
in multivariate space and used ANOVA to test if the dispersions of one or more time intervals were 
different (implemented utilising the “betadisper” function). 
We used non-metric multidimensional scaling (MDS) ordination [“isoMDS” function, “stats” 
software package (R Core Team, 2014)] to visualise the general pattern of the Bray-Curtis 
dissimilarities among samples. The correlation between coral genera abundance (relative abundance 
and presence/absence) and the MDS ordination of Bray-Curtis dissimilarities was tested for 
significance (“envfit” function) to identify the genera that principally discriminated communities 
through time; significant correlations were represented as vectors overlaid on the MDS ordination. 
We performed a similarity percentage “simper” (Clarke, 1993) analysis (“simper” function) 
to identify the coral genera that contributed most to the average overall Bray-Curtis dissimilarity 
among paired time intervals. For each pair of time intervals, we ordered coral genera by their average 
contribution to the overall average dissimilarity. We identified the most important genera for each 
pair of time intervals as those that together contributed 70% or more to the difference in taxonomic 
composition between time intervals (Oksanen et al., 2014). 
We analysed the variance in genus richness (S) and Shannon–Wiener diversity (H') across the 
mid-Holocene, the late-Holocene and the modern to test for significant differences in diversity 
patterns through time. Shapiro-Wilk tests of normality and quantile-quantile plots indicated that H' 
but not S approximated a normal distribution, and S remained not normal after log-transformation. 
Brown and  Forsythe (1974) tests of homogeneity of variance indicated heteroscedasticity for S but 
not H'. Consequently, we used ANOVA to analyse H' and a non-parametric Kruskal-Wallis rank sum 
test to analyse S. We used the “TukeyHSD” and “kruskalmc” functions [“stats” and “pgirmess” 
software packages, respectively (Giraudoux, 2014; R Core Team, 2014)] to perform multiple 
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comparisons with adjusted p values. All data analysis used the “vegan” software package (Oksanen 
et al., 2014) in R (R Core Team, 2014) except where indicated otherwise. 
The importance of deterministic relative to stochastic processes of community assembly can 
be inferred by comparing patterns of variation in community structure among localities (Chase et al., 
2011). Null models help understand whether the observed variation among communities is caused 
more by changes in the underlying community structure (β-diversity) or by variation in the number 
of taxa present in each local community (α-diversity) relative to the others (Anderson et al., 2011; 
Chase et al., 2011). However, it is important to recognise that β-diversity is a function of α-diversity 
and the regional taxonomic pool (γ-diversity) (Anderson et al., 2011). Thus, assuming that γ-diversity 
is constant, if an environmental factor decreases or increases α-diversity, there is a resulting change 
in the expected β-diversity [e.g. Figure 2 in (Chase &  Myers, 2011)]. Such change in β-diversity 
would occur even if α-diversity changed via random local extinctions, without the environmental 
factor causing any change in the ecological difference among localities (Chase et al., 2011). 
We used a null model approach to test whether β-diversity within each time interval deviated 
from patterns expected by chance, relative to other time intervals. If γ-diversity is constant, 
deterministic processes are indicated when β-diversity deviates more or less than expected by chance; 
alternatively, stochastic processes are indicated when such deviation is not significant, which 
implicates a change in α-diversity via random local extinctions. This approach involved calculating a 
modified version (Chase et al., 2011) of the Raup-Crick dissimilarity metric (Raup &  Crick, 1979) 
and analysing the multivariate homogeneity of group dispersions. For this, we calculated the distance 
from each Raup-Crick dissimilarity metric within each time interval to their centroid, and tested for 
significant differences across time intervals using a non-parametric permutational test (“betadisper” 
and “permutest” functions). Comparisons of mean dispersions between paired time intervals were 
tested using Tukey's honest significant differences test (“TukeyHSD” function). We produced a 
visual summary of the Raup-Crick dissimilarities among samples and across time intervals using non-
metric multidimensional scaling (MDS) ordination [“isoMDS” function, “stats” software package (R 
Core Team, 2014)]. 
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4.4 Results 
4.4.1 Variation in Community Structure through Time 
Overall, we found a significant difference in community structure among localities (β-
diversity) through time, overall (Table 4-2). β-diversity (as measured by Bray-Curtis dissimilarity 
among localities) increased from the mid-Holocene through the late-Holocene to the modern [mean 
β-diversity mid: = 0.182 ± 0.029 (SE); late: 0.228 ± 0.036 (SE); modern: 0.52 ± 0.026 (SE)], thus, 
later communities were less similar to one another than earlier communities (Figure 4-2). Pairwise 
comparisons revealed that significant differences in β-diversity occurred between the mid- and the 
late-Holocene, and between the mid-Holocene and the modern but not between the late-Holocene and 
the modern (Table 4-2). Dispersion did not vary significantly across time intervals, either for relative 
abundance [ANOVA on betadisper results, df = 2, F = 2.148, p = 0.1377] or presence/absence data 
[ANOVA on betadisper results, df = 2, F = 0.211, p = 0.812]. 
The two-dimensional plot of the non-metric MDS ordination of Bray-Curtis dissimilarities in 
community composition showed clearer separation of communities across time intervals using 
relative abundance than presence/absence data (Figure 4-2). Acropora and Fungia showed the highest 
correlation with the ordination of dissimilarities among communities based on both relative 
abundance and presence/absence data, respectively (Table 4-3, Figure 4-2, Figure D-3, Figure D-4). 
While Acropora was consistently the most abundant genus through time (Figure 4-3), its relative 
abundance clearly increased in the direction of the ordination where it better discriminates 
communities from the mid-Holocene, the late-Holocene and the modern (top left panel in Figure D-3). 
The presence and relative abundance of Fungia characterised modern communities as it was absent 
from late-Holocene communities and was remarkably more abundant in modern than mid-Holocene 
communities (Figure D-4). Further, the presence of Seriatopora characterised the mid- and late-
Holocene as it was absent in modern communities (Figure D-4). 
Similarity percentage (simper) analysis indicated that Acropora was one of the two most 
important genera contributing to the average Bray-Curtis dissimilarity between any two time intervals 
(Table 4-4). Montipora, Fungia, Pocillopora and Seriatopora were also the most important genera 
for at least one of such pairwise comparisons (Table 4-4). Acropora was the most abundant genus in 
each of the mid-Holocene, the late-Holocene and the modern time periods, ranging from 52 to 77% 
(Figure 4-4). The genera that made up over 97% of the total coral abundance during the mid-Holocene 
were: Acropora, Montipora, Pocillopora, Seriatopora and Astreopora; during the late-Holocene: 
Acropora, Seriatopora, Pocillopora and Montipora; and during the modern: Acropora, Fungia, 
Porites, Platygyra and Pocillopora. Acropora and Montipora where the only genera that occurred in 
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50% or more of the communities (i.e. core/transects), which represent only 13% of the total number 
of genera (n = 15) that occurred in at least one community. However, the abundance of Acropora and 
Montipora relative to the total abundance was greater even during the mid-Holocene than over the 
late-Holocene or the modern. The ratio in the percent relative abundance of Acropora to Montipora 
was 52%:31% in the mid-Holocene, 77%:4% in the late-Holocene, and 60%:4% in the modern time 
intervals. The other genera occurred in substantially fewer communities, with 60% of the genera 
present in less than 25% of the communities. 
Significant differences occurred in richness (S) [Kruskal-Wallis, X2 = 10.446, df = 2, p = 
0.005] and Shannon–Wiener diversity (H') [ANOVA, df = 2, F = 4.85, p = 0.017] across mid-
Holocene, late-Holocene and modern communities along the cores and transects. Mean S and H', both 
of which are measures of local diversity (α-diversity), declined from the mid-Holocene through the 
late-Holocene to the modern [mid: S = 6.8 (SE = 1.02), H' = 1.159   (SE = 0.135); late: S = 5.0 (SE = 
1.581), H' = 0.766 (SE= 0.230); modern: S = 2.526 (SE = 0.234), H' = 0.530 (SE = 0.096)]. That 
decline was significant between the mid-Holocene and the modern for both S and H' [S: (after 
Kruskal-Wallis) observed difference = 12.284, critical difference = 9.898 (significant); H': (Tukey's 
honest significant differences after ANOVA) difference = -0.629, lower = -1.137, upper = -0.1199, 
adjusted p = 0.013]. 
4.4.2 Underlying Mechanisms of Community Assembly 
The magnitude of the deviation from the null expectation (Raup-Crick distance among 
communities) within each time interval did not differ across the mid-Holocene, the late-Holocene and 
the modern (ANOVA on betadisper results, df = 2, F = 0.342, p = 0.714), and this result was also 
clearly illustrated in the two-dimensional plot of the non-metric MDS ordination of community 
composition (Figure 4-5).  
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4.5 Discussion 
Community structure of reef-building coral in leeward reefs from the northern Keppel Islands 
(inshore southern GBR, Australia) changed significantly from the mid- (7.5–4 ka) to the late-
Holocene 4–0 ka. However, community structure persisted over the past 4 ka until the present day 
(Table 4-2). Community assembly was dominated by stochastic processes (Figure 4-5). 
4.5.1 Variation in Community Composition through Time 
Overall coral taxonomic composition varied significantly among the mid-Holocene  (~7.5–4 
ka), the late-Holocene (~4–0 ka) and the modern (live coral in 2012 and 2013) (Table 4-2), indicating 
non-persistence of coral community structure over millennial timescales. Coincident with this, both 
richness (at genus level) and Shannon-Wiener diversity declined significantly through time. Time and 
paleo water depth did not co-vary, so the significant difference in community structure through time 
was not confounded with differences in palaeo water depth (Table 4-2). Differences in community 
structure were not caused by differences in the average distance of community dissimilarities within 
each time interval to the centroid of that time interval in multivariate space, as indicated by a non-
significant betadisper result. Pairwise comparisons revealed that community structure during the mid-
Holocene differed significantly from patterns observed in more recent time intervals; similar results 
for relative abundance and presence/absence data suggest that the pattern was strong (Table 4-2). 
There was a coincident temporal decline in genus richness and Shannon-Weiner diversity that 
suggests local diversity loss may be responsible for the observed change in community structure 
through time. However local diversity loss was significant only between the mid-Holocene and the 
modern. 
The difference in community structure between the mid-Holocene and later time intervals 
was, most notably, due to a steep decline in the absolute and relative abundance of Montipora corals 
after the mid-Holocene (Figure 4-3, Figure 4-4). The majority of coral taxa except Acropora and 
Montipora had low occurrence (< 25% incidence in cores/transects) and abundance (< 20%) 
throughout the time span of this study (7.5–0 ka). Yet, higher relative abundance of Fungia in the 
modern assemblages (Figure 4-4) strongly contributed to the overall average dissimilarity between 
the modern and the mid- and late-Holocene communities (Table 4-4). Acropora was the most 
abundant genus in all time intervals, including the modern (Figure D-3). 
Acropora corals contribute substantially to the structural complexity of reef habitats that 
supports many other reef organisms (Pratchett et al., 2011) and has been shown to increase likelihood 
that a reef system will recover from bleaching events (Graham et al., 2015; Graham &  Nash, 2013). 
As climate change results in sea-level rise and increasingly frequent storms (Stocker et al., 2014), 
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Acropora corals may be crucial in keeping the reef up to sea-level and in continuing to shelter the 
coasts from storms. Acropora spp. are good competitors for space and tend to grow fast in shallow 
water (Darling et al., 2012; Done, 1982). Regions such as the Keppels, where Acropora spp. thrive, 
may constitute good refugia from warming oceans (chapter 2). Because species of this genus have 
recently collapsed in the Caribbean (e.g. Aronson &  Precht, 1997) and the Indo-Pacific (e.g. Lybolt 
et al., 2011), including the GBR (e.g. Roff et al., 2013), future research should focus on the 
mechanisms underlying regional differences in Acropora assemblages. 
Significant change in reef-building coral community structure from the mid- to the late-
Holocene (prior to human impact) in the Keppels, is contrary to most previous evidence over 
millennial timescales. Persistent community structure was documented during the late-Holocene reefs 
from Belize (Aronson &  Precht, 1997), and the GBR (Roff et al., 2013). A mid-Holocene reef from 
the northern-central GBR showed significant differences in community structure associated with 
paleo water depth but, over millennial timescales, communities from the mid-Holocene and from the 
modern were not significantly different (Roche et al., 2011). 
In Papua New Guinea, community composition of high-stand reef-building corals from the 
Huon Peninsula was persistent through nine separate intervals of Pleistocene reef development 
(Pandolfi, 1996), whereas low-stand communities from Huon Gulf did not (Tager et al., 2010). While 
both high-stand and low-stand communities experienced global changes in sea surface temperature 
and pCO2, local environments in high-stand reefs were more stable through time than their low-stand 
counterparts, which changed in response to variable wave energy regimes (Pandolfi, 1996; Tager et 
al., 2010). Therefore, differences in wave energy might be particularly influential in reef-building 
coral community dynamics. 
Similar community structure between the late-Holocene and the modern, i.e. before and after 
the onset of European development adjacent to the GBR (~1823 CE), suggests that reef-building coral 
communities in the northern Keppels have evaded severe anthropogenic degradation. Coral 
assemblages in the Keppels have shown persistent Acropora dominance before and after European 
development (chapter 2). Similar evidence has been reported based on the fossil record from Lugger 
and Paluma Shoals, in the inshore central GBR. There, modern reef-building coral community 
structure shows no notable change from ~1 ka to the present day (Perry et al., 2009; Perry et al., 
2008). 
In marked contrast, a relatively larger body of evidence has demonstrated anthropogenic 
decline in reef-building coral community composition at many other locations. Examples include 
reefs from the Caribbean (Aronson et al., 2004; Aronson &  Precht, 1997; Cramer et al., 2012; 
Pandolfi &  Jackson, 2006) and the Australian Indo Pacific (Lybolt et al., 2011), including the central 
GBR near the largest sediment source into the GBR lagoon (Roff et al., 2013). Overfishing, pollution 
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and climate change are well known causes of decline, affecting not only coral reefs (Cramer et al., 
2012; Pandolfi et al., 2003) but marine ecosystems in general (Jackson et al., 2001). 
4.5.2 Underlying Mechanisms of Community Assembly 
One consequence of the worldwide biodiversity crisis is the loss of local species. However, 
such degradation of biodiversity may not be detected as a decrease in local diversity (α-diversity) 
because locally extinct species may be replaced by invading taxa. For example, new taxa may be 
introduced by humans or may be forced to immigrate as they escape climate change from warmer 
regions (Greenstein &  Pandolfi, 2008). Therefore, local diversity may remain stable or increase even 
in degraded ecosystems, where the original species configuration, and potentially valuable ecosystem 
services, have been lost (Graham et al., 2014). A global study across multiple biomes and taxa, 
spanning the past few decades, provides a compelling example: while local diversity (α-diversity) 
was found to remain constant, community structure (β-diversity) changed systematically through time 
(Dornelas et al., 2014). However, understanding how variation in α- or β-diversity contributes to 
ecosystem decline has an important but not traditionally addressed caveat: additive and multiplicative 
calculations of β-diversity depend on α-diversity, so variation in α-diversity is not strictly independent 
of variation in β-diversity (Anderson et al., 2011). Here, we addressed this caveat by using a recently 
developed α-diversity corrected null model (Chase et al., 2011). 
Analyses using multiple measures of dissimilarity can deepen insights into the nature of 
changes in community structure (Anderson et al 2011). Here, a temporal increase in β-diversity, using 
an α-diversity dependent (Bray-Curtis) metric, contrasted with unchanged β-diversity relative to the 
null expectation, using an α-diversity corrected (Raup-Crick) metric. Such contrast suggests that 
changes in community structure over millennial timescales occurred due to a temporal decrease in 
the number of genera randomly drown from the same taxonomic pool to make up the local 
communities (Chase et al., 2011). In other words, temporal differences in community structure did 
not depart significantly from variation expected at random. This indicates that, over millennial 
timescales, community assembly of reef-building corals in the northern Keppel reefs has been 
dominated by stochastic processes (Chase et al., 2011). 
Previous studies using α-diversity corrected null models to disentangle the compositional 
variation in communities following disturbance have demonstrated both stochastic and deterministic 
processes driving community assembly. Similar to our findings, α-diversity markedly decreased and 
β-diversity increased in modern reef-building coral communities subject to coral bleaching; however, 
β-diversity before and after disturbance did not change significantly relative to the expectation under 
purely stochastic mechanisms [data from Warwick et al. (1990), analysed in Anderson et al. (2011) 
and modified in Chase et al. (2011)]. In contrast, β-diversity decreased in fresh water ponds exposed 
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to drought, and this decrease was greater than expected by chance, suggesting that drought 
disturbance systematically filtered out some taxa from each community (Chase, 2007). 
Other studies focussing on ancient and modern coral reefs contradict our finding of stochastic 
community assembly – with the caveat that the null models used there were not corrected for α-
diversity. Reef-building coral communities from the Pleistocene fossil record from Barbados showed 
greater similarity to one another than would be expected by chance (Pandolfi &  Jackson, 2006). 
Similarly, modern coral communities occurring on reefs at the high-latitude margin of their 
environmental tolerance in eastern Australia were found to be assembled deterministically, as a result 
of strong environmental filtering (Sommer et al., 2014). 
4.5.3 Environmental Controls 
Large-scale environmental factors can exert a strong influence on coral reef growth. For 
example, wave energy is a major control over coral species distribution patterns over millennial 
timescales (Geister, 1980; Pandolfi &  Jackson, 2001). Enhanced ENSO has been associated with a 
hiatus in reef growth in the Eastern Tropical Pacific (Toth et al., 2012), with episodic reef growth and 
variation in community structure in subtropical eastern Australia (Lybolt et al., 2011), and generally 
coincided with reduced reef growth on the GBR (Smithers et al., 2006), including the Keppels 
(chapter 3). Moreover, Pacific Decadal Oscillation (PDO) has been shown to control regional rainfall 
and flooding of the Fitzroy River (Rodríguez-Ramírez, 2013), adjacent to the Keppels reefs. 
Globally, the mid- to late-Holocene transition represents the onset of increased environmental 
variability (Berkelhammer et al., 2012; Walker et al., 2012) including enhanced ENSO and PDO 
from ~4–5 ka to present (Barron &  Anderson, 2011; Moy et al., 2002) and, on the GBR, lower and 
more variable sea-level (Lewis et al., 2008). Because the late-Holocene sea-level was lower than 
during the mid-Holocene, and most outer reefs of the GBR had already reached sea-level by around 
4 ka, wave energy reaching inshore GBR reef habitats during the late-Holocene might have been 
substantially lower than during the mid-Holocene (Hopley, 1984). Our Holocene study covering the 
transition from the mid- to the late-Holocene in the northern Keppels shows that it coincides with the 
greatest change in community structure in these reefs (Table 4-2). Thus, large-scale environmental 
factors associated with sea-level changes were important in driving changes in community structure 
over millennial timescales. 
4.5.4 Implications 
Our finding of constancy in community structure from the late-Holocene (Table 4-2) to the 
modern implies that reef-building coral communities in the northern Keppels have been less degraded 
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than several other reefs worldwide (e.g. Aronson et al., 2004; Lybolt et al., 2011; Pandolfi &  Jackson, 
2006; Roff et al., 2013). However, our evidence of significant change following the mid-Holocene 
(Table 4-2) suggests that natural environmental variability, as experienced by these reefs over the 
past 7.5 ka, has the potential to considerably alter community structure. Developing more precise 
records of environmental variability (e.g. sea-level and ENSO) from reefs in the northern Keppels, 
from 7.5 ka to the present should improve our understanding of the nature and thresholds of 
environmental variables associated with significant change in community structure. 
The dominance of stochastic processes of community assembly imply the likely persistence 
of the most common taxa, such as Acropora in reef-building coral communities in the northern 
Keppels (Jones et al., 2011)(see also chapter 2); rare taxa would more plausibly become regionally 
extinct than common taxa. This means that while community assembly in these reefs is dominated 
by stochastic processes, the ecosystem services that Acropora provides [e.g. habitat for fish (Pratchett 
et al., 2011)] will likely persist. However, the importance of stochastic relative to deterministic 
processes of community assembly can change with disturbance (Chase, 2007). Therefore, in order to 
conserve the current community structure in these reefs, it is crucial to preserve the current 
(stochastic) regional processes that control community assembly. Management actions that should 
help to achieve this include reducing regional disturbances, such as catchment pollution. 
4.5.5 Conclusions 
Our evidence from the southern GBR from 7.5–0 ka demonstrates a shift in reef-building coral 
community structure associated with the non-selective (stochastic) loss of local diversity driven by 
large-scale, long-term environmental factors before intense human impact began. Our data shows no 
signs of severe anthropogenic decline in the northern Keppel reefs. This finding cannot be generalised 
to reefs in other regions or taxa; instead, it strengthens the idea of regional variability in ecosystem 
response to environmental change, as global data from multiple taxa suggests (Dornelas et al., 2014). 
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4.6 Tables 
Table 4-1 
Sampling details of sedimentary cores collected from reefs in the northern Keppel Islands, inshore southern 
GBR, from which reef-building coral communities from the mid-Holocene (7.5–4 ka) and late-Holocene (4–
0.127 ka) were examined 
  Site 
Distance 
from strand 
line (m) 
Cores 
count 
Time 
interval 
Oldest                          
U-Th age (ka) 
 
Youngest             
U-Th age (ka) 
North Keppel       
 
   
 slope 580 1 late 1.556 ± 0.022 
 
0.332 ± 0.007 
 distal reef flat 435 1 mid 4.614 ± 0.009 
 
4.241 ± 0.011 
 proximal reef flat 170 1 mid 6.910 ± 0.020 
 
5.675 ± 0.016 
Halfway       
 
   
 slope 170 2 mid 6.113 ± 0.023 
 
5.388 ± 0.014 
 proximal reef flat 40 1 mid 7.452 ± 0.038 
 
6.411 ± 0.092 
Middle       
 
   
 slope 120 1 late 0.464 ± 0.010 
 
0.464 ± 0.010 
 distal reef flat 100 1 late 1.456 ± 0.007 
 
0.210 ± 0.005 
  proximal reef flat 20 1 late 3.224 ± 0.008 
 
3.065 ± 0.010 
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Table 4-2 
Results of permutational multivariate analysis of variance (adonis) for reef-building coral community 
composition within three leeward reefs from the northern Keppel Islands (southern GBR) among the 
mid-Holocene, the late-Holocene and modern time intervals 
Main effect Factor df F p Adjusted p 
Relative abundance      
 overall      
  interval 2 2.399 0.043 - 
  paleo water depth 1 0.231 0.882 - 
  interval : paleo water depth 1 0.156 0.924 - 
 mid vs. late  1 9.168 0.012 0.036 
 mid vs. modern 1 3.426 0.016 0.048 
 late vs. modern 1 1.449 0.174 0.522 
Presence/absence      
 overall      
  interval 2 2.399 0.037 - 
  paleo water depth 1 0.231 0.881 - 
  interval : paleo water depth 1 0.156 0.923 - 
 mid vs. late  1 9.168 0.012 0.036 
 mid vs. modern 1 3.426 0.016 0.048 
 late vs. modern 1 1.449 0.174 0.522 
Note. This analysis used the factor “interval” (with levels mid-Holocene, late-Holocene and modern) as the 
main source of variation in community composition with the factor “paleo water depth” and the interaction 
“interval : paleo water depth” as co-variates in the model. Adjusted p values were calculated using the 
Bonferroni correction applied to the multiple p values within each data set of relative abundance or 
presence/absence data. Bold font face indicates significant differences. 
  
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR                        100 
Table 4-3 
Correlation between the abundance of reef-building coral genera and the non-metric 
multidimensional scaling ordination (in the multidimensional ordination space) of Bray-Curtis 
dissimilarities among communities from the mid-Holocene, the late-Holocene and the modern time 
intervals from the northern Keppel Islands (southern GBR) 
Relative abundance   Presence / absence 
Genus R2 p  Genus R
2 p 
Acropora 0.901 0.001  Pocillopora 0.567 0.001 
Fungia 0.695 0.001  Acropora 0.508 0.001 
Porites 0.53 0.005  Fungia 0.466 0.001 
Pocillopora 0.505 0.007  Porites 0.35 0.003 
Platygyra 0.415 0.061  Seriatopora 0.273 0.021 
Pectinia 0.131 0.174  Lobophyllia 0.187 0.087 
Astreopora 0.036 0.301  Montipora 0.179 0.09 
Galaxea 0.037 0.305  Favites 0.117 0.193 
Seriatopora 0.05 0.509  Galaxea 0.107 0.215 
Lobophyllia 0.027 0.575  Stylophora 0.103 0.178 
Montipora 0.035 0.617  Goniastrea 0.093 0.216 
Stylophora 0.019 0.708  Scolymia 0.092 0.191 
Favites 0.017 0.734  Astreopora 0.088 0.244 
Goniastrea 0.017 0.746  Pectinia 0.053 0.581 
Scolymia 0.009 0.863   Platygyra 0.028 0.691 
Note. Bold font face indicates significant differences. 
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Table 4-4 
Similarity percentage (SIMPER) analysis results 
  
  Contribution SD Ratio     contribution/SD 
Cumulative      
contribution % 
Mid vs. late     
 Montipora 0.136 0.041 3.301 38% 
 Acropora 0.126 0.073 1.723 72% 
 Seriatopora 0.034 0.023 1.523 82% 
 Pocillopora 0.018 0.012 1.571 87% 
 Stylophora 0.010 0.016 0.615 90% 
 Astreopora 0.010 0.019 0.518 92% 
 Lobophyllia 0.008 0.010 0.807 95% 
 Porites 0.006 0.005 1.305 96% 
 Galaxea 0.006 0.010 0.575 98% 
 Scolymia 0.005 0.008 0.560 99% 
 Goniastrea 0.002 0.004 0.563 100% 
 Favites 0.002 0.002 0.795 100% 
Mid vs. modern     
 Acropora 0.164 0.086 1.900 30% 
 Montipora 0.135 0.046 2.917 55% 
 Fungia 0.086 0.101 0.854 71% 
 Pocillopora 0.045 0.043 1.043 80% 
 Porites 0.040 0.113 0.359 87% 
 Platygyra 0.026 0.112 0.235 92% 
 Seriatopora 0.018 0.023 0.784 95% 
 Astreopora 0.010 0.018 0.529 97% 
 Galaxea 0.005 0.010 0.497 98% 
 Scolymia 0.004 0.008 0.522 99% 
 Pectinia 0.002 0.009 0.235 99% 
 Lobophyllia 0.002 0.003 0.710 100% 
 Favites 0.002 0.002 0.811 100% 
 Stylophora 0.001 0.001 0.731 100% 
Late vs. modern     
 Acropora 0.156 0.134 1.161 35% 
 Fungia 0.086 0.101 0.853 55% 
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  Contribution SD Ratio     contribution/SD 
Cumulative      
contribution % 
 Pocillopora 0.041 0.049 0.841 64% 
 Seriatopora 0.040 0.025 1.587 74% 
 Porites 0.038 0.115 0.327 82% 
 Montipora 0.029 0.026 1.125 89% 
 Platygyra 0.026 0.112 0.234 95% 
 Stylophora 0.010 0.017 0.574 97% 
 Lobophyllia 0.008 0.011 0.738 99% 
 Goniastrea 0.002 0.004 0.574 99% 
 Pectinia 0.002 0.009 0.234 100% 
 Galaxea 0.001 0.002 0.574 100% 
  Scolymia 0.001 0.001 0.574 100% 
Note. Results of the cumulative contribution of reef building coral genera from the northern Keppel 
Islands (southern GBR) most influential in discriminating communities in paired contrasts between 
the mid-Holocene, the late-Holocene and the modern time invervals. 
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4.7 Figures 
 
Figure 4-1. Regional setting of Halfway, Middle and North Keppel reefs in the northern Keppel Islands 
(inshore southern GBR), showing sampled sites on the reef slope (S1-3), and on the proximal (P) and distal 
(D) reef flat. 
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Figure 4-2. Non-metric multidimensional scaling (MDS) ordination of Bray-Curtis dissimilarities calculated 
based on the relative abundance and presence/absence of reef-building coral genera from mid-Holocene, late-
Holocene and the modern time intervals from the northern Keppel Islands (southern GBR). Vectors identify 
genera which relative abundance (left) or presence/absence (right) significantly correlates with the ordination 
(Table 4-3). 
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Figure 4-3. Overall abundance (on logarithmic scale) of all reef-building coral genera occurring in at least one 
local community from the leeward reefs in the northern Keppel Islands (southern GBR) during the mid-
Holocene, the late-Holocene and the modern. 
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Figure 4-4. Relative abundance (on logarithmic scale) of all reef-building coral genera occurring in at least 
one local community from leeward reefs in the northern Keppel Islands (southern GBR) during the mid-
Holocene, the late-Holocene and the modern. Genera are ordered from left to right in decreasing order of 
relative abundance from the mid-Holocene. 
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Figure 4-5. Two-dimensional plot of the non-metric multidimensional scaling (MDS) ordination of the 
taxonomic composition of reef-building coral communities from the northern Keppel Islands (southern GBR). 
The distance between any two points on the plot represents the magnitude of the difference between two 
communities relative to the Raup-Crick null expectation, so that the closer communities (points) occur on the 
plot, the more they deviate from the null expectation. 
 
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR                        108 
4.8 References 
Anderson MJ (2001a) A new method for non-parametric multivariate analysis of variance. Austral 
Ecology, 26, 32-46. 
Anderson MJ (2001b) Permutation tests for univariate or multivariate analysis of variance and 
regression. Canadian Journal of Fisheries and Aquatic Sciences, 58, 626-639. 
Anderson MJ, Crist TO, Chase JM et al. (2011) Navigating the multiple meanings of beta diversity: 
a roadmap for the practicing ecologist. Ecology Letters, 14, 19-28. 
Aronson RB, MacIntyre IG, Wapnick CM, O'Neill MW (2004) Phase shifts, alternative states, and 
the unprecedented convergence of two reef systems. Ecology, 85, 1876-1891. 
Aronson RB, Precht WF (1997) Stasis, biological disturbance, and community structure of a 
Holocene coral reef. Paleobiology, 23, 326-346. 
Barron JA, Anderson L (2011) Enhanced Late Holocene ENSO/PDO expression along the margins 
of the eastern North Pacific. Quaternary International, 235, 3-12. 
Battarbee RW, Binney HA (2008) Natural climate variability and global warming: a Holocene 
perspective, Malden, MA, Blackwell Pub. 
Beger M, Sommer B, Harrison PL, Smith SDA, Pandolfi JM (2014) Conserving potential coral reef 
refuges at high latitudes. Diversity and Distributions, 20, 245-257. 
Berkelhammer M, Sinha A, Stott L, Cheng H, Pausata FSR, Yoshimura K (2012) An Abrupt Shift in 
the Indian Monsoon 4000 Years Ago. Climates, Landscapes, and Civilizations, 198, 75-87. 
Brown MB, Forsythe AB (1974) Robust tests for equality of variances. Journal of the American 
Statistical Association, 69, 364-367. 
Chase JM (2007) Drought mediates the importance of stochastic community assembly. Proceedings 
of the National Academy of Sciences of the United States of America, 104, 17430-17434. 
Chase JM, Kraft NJB, Smith KG, Vellend M, Inouye BD (2011) Using null models to disentangle 
variation in community dissimilarity from variation in alpha-diversity. Ecosphere, 2. 
Chase JM, Myers JA (2011) Disentangling the importance of ecological niches from stochastic 
processes across scales. Philosophical Transactions of the Royal Society B-Biological 
Sciences, 366, 2351-2363. 
Clark TR, Roff G, Zhao J-x, Feng Y-x, Done TJ, Pandolfi JM (2014) Testing the precision and 
accuracy of the U-Th chronometer for dating coral mortality events in the last 100 years. 
Quaternary Geochronology, 23, 35-45. 
Clarke KR (1993) Non-parametric multivariate analyse of changes in community structure. 
Australian Journal of Ecology, 18, 117-143. 
Connell JH, Hughes TE, Wallace CC, Tanner JE, Harms KE, Kerr AM (2004) A long-term study of 
competition and diversity of corals. Ecological Monographs, 74, 179-210. 
Connell JH, Hughes TP, Wallace CC (1997) A 30-year study of coral abundance, recruitment, and 
disturbance at several scales in space and time. Ecological Monographs, 67, 461-488. 
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR                        109 
Cramer KL, Jackson JBC, Angioletti CV, Leonard-Pingel J, Guilderson TP (2012) Anthropogenic 
mortality on coral reefs in Caribbean Panama predates coral disease and bleaching. Ecology 
Letters, 15, 561-567. 
Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Cote IM (2012) Evaluating life-history 
strategies of reef corals from species traits. Ecology Letters, 15, 1378-1386. 
Done TJ (1982) Patterns in the distribution of coral communities across the central Great Barrier 
Reef. Coral Reefs, 1, 95-107. 
Dornelas M, Gotelli NJ, McGill B, Shimadzu H, Moyes F, Sievers C, Magurran AE (2014) 
Assemblage Time Series Reveal Biodiversity Change but Not Systematic Loss. Science, 344, 
296-299. 
Geister J (1980) Calm-water reefs and rough-water reefs of the Caribbean Pleistocene. Acta 
Palaeontologica Polonica, 25, 541-556. 
Giraudoux P (2014) pgirmess: Data analysis in ecology. 
Graham NAJ, Cinner JE, Norstrom AV, Nystrom M (2014) Coral reefs as novel ecosystems: 
embracing new futures. Current Opinion in Environmental Sustainability, 7, 9-14. 
Graham NAJ, Jennings S, MacNeil MA, Mouillot D, Wilson SK (2015) Predicting climate-driven 
regime shifts versus rebound potential in coral reefs. Nature, 518, 94-97. 
Graham NAJ, Nash KL (2013) The importance of structural complexity in coral reef ecosystems. 
Coral Reefs, 32, 315-326. 
Greenstein BJ, Pandolfi JM (2008) Escaping the heat: Range shifts of reef coral taxa in coastal 
Western Australia. Global Change Biology, 14, 513-528. 
Hopley D (1984) The Holocene ‘high energy window’on the central Great Barrier Reef. In: Coastal 
geomorphology in Australia. (ed Thom BG) pp. 135-150. Canberra, Academic Press. 
Hopley D, Smithers SG, Parnell K (2007) The geomorphology of the Great Barrier Reef: 
Development, diversity, and change, Cambridge, Cambridge University Press. 
Jackson JBC (1992) Pleistocene perspectives on coral-reef community structure. American Zoologist, 
32, 719-731. 
Jackson JBC, Kirby MX, Berger WH et al. (2001) Historical overfishing and the recent collapse of 
coastal ecosystems. Science, 293, 629-638. 
Jones AM, Berkelmans R, Houston W (2011) Species Richness and Community Structure on a High 
Latitude Reef: Implications for Conservation and Management. Diversity, 3, 329-355. 
Kohler KE, Gill SM (2006) Coral Point Count with Excel extensions (CPCe): A Visual Basic program 
for the determination of coral and substrate coverage using random point count methodology. 
Computers & Geosciences, 32, 1259-1269. 
Lewis SE, Wust RAJ, Webster JM, Shields GA (2008) Mid-late holocene sea-level variability in 
eastern Australia. Terra Nova, 20, 74-81. 
Lybolt M, Neil D, Zhao J, Feng Y, Yu K-F, Pandolfi J (2011) Instability in a marginal coral reef: The 
shift from natural variability to a human-dominated seascape. Frontiers in Ecology and the 
Environment, 9, 154-160. 
Moy CM, Seltzer GO, Rodbell DT, Anderson DM (2002) Variability of El Nino/Southern Oscillation 
activity at millennial timescales during the Holocene epoch. Nature, 420, 162-165. 
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR                        110 
Oksanen J, Blanchet FG, Kindt R et al. (2014) vegan: Community Ecology Package. 
Pandolfi J (2011) The Paleoecology of Coral Reefs. In: Coral Reefs: An Ecosystem in Transition. 
(eds Dubinsky Z, Stambler N) pp. 13-24. Springer Netherlands. 
Pandolfi JM (1996) Limited membership in Pleistocene reef coral assemblages from the Huon 
Peninsula, Papua New Guinea: Constancy during global change. Paleobiology, 22, 152-176. 
Pandolfi JM (2002) Coral community dynamics at multiple scales. Coral Reefs, 21, 13-23. 
Pandolfi JM, Bradbury RH, Sala E et al. (2003) Global trajectories of the long-term decline of coral 
reef ecosystems. Science, 301, 955-958. 
Pandolfi JM, Jackson JBC (2001) Community structure of Pleistocene coral reefs of Curacao, 
Netherlands Antilles. Ecological Monographs, 71, 49-67. 
Pandolfi JM, Jackson JBC (2006) Ecological persistence interrupted in Caribbean coral reefs. 
Ecology Letters, 9, 818-826. 
Pandolfi JM, Lovelock CE (2014) Novelty Trumps Loss in Global Biodiversity. Science, 344, 266-
267. 
Perry CT, Smithers SG, Johnson KG (2009) Long-term coral community records from Lugger Shoal 
on the terrigenous inner-shelf of the central Great Barrier Reef, Australia. Coral Reefs, 28, 
941-948. 
Perry CT, Smithers SG, Palmer SE, Larcombe P, Johnson KG (2008) 1200 year paleoecological 
record of coral community development from the terrigenous inner shelf of the Great Barrier 
Reef. Geology, 36, 691-694. 
Pratchett MS, Hoey AS, Wilson SK, Messmer V, Graham NAJ (2011) Changes in Biodiversity and 
Functioning of Reef Fish Assemblages following Coral Bleaching and Coral Loss. Diversity, 
3, 424-452. 
Queensland Treasury (2009) Historical Tables. In: Demography. (ed Queensland Treasury), 
Queensland, Australia. 
R Core Team (2014) R: A Language and Environment for Statistical Computing. Vienna, Austria, R 
Foundation for Statistical Computing. 
Raup DM, Crick RE (1979) Measurement of faunal similarity in paleontology. Journal of 
Paleontology, 53,1213-1227. 
Roche RC, Perry CT, Johnson KG, Sultana K, Smithers SG, Thompson AA (2011) Mid-Holocene 
coral community data as baselines for understanding contemporary reef ecological states. 
Palaeogeography Palaeoclimatology Palaeoecology, 299, 159-167. 
Rodríguez-Ramírez EA (2013) Past reef responses and disturbances in the southern Great Barrier 
Reef. Unpublished Doctor of Philosophy PhD, The University of Queensland, Queensland, 
157 pp. 
Roff G, Clark TR, Reymond CE et al. (2013) Palaeoecological evidence of a historical collapse of 
corals at Pelorus Island, inshore Great Barrier Reef, following European settlement. 
Proceedings of the Royal Society B-Biological Sciences, 280. 
Rolfe J, Windle J, Reeson A, Whitten SM (2006) Assessing the incentives needed to improve riparian 
management in grazing systems: Comparing experimental auctions and choice modelling 
 
NON-PERSISTENT HOLOCENE CORAL COMMUNITIES FROM THE GBR                        111 
approaches. In: 50th Annual Conference of the Australian Agricultural and Resource 
Economics. Sydney. 
Ryan DA, Brooke BP, Bostock HC, Radke LC, Siwabessy PJW, Margvelashvili N, Skene D (2007) 
Bedload sediment transport dynamics in a macrotidal embayment, and implications for export 
to the southern Great Barrier Reef shelf. Marine Geology, 240, 197-215. 
Smithers SG, Hopley D, Parnell KE (2006) Fringing and nearshore coral reefs of the Great Barrier 
Reef: Episodic Holocene development and future prospects. Journal of Coastal Research, 22, 
175-187. 
Sommer B, Harrison PL, Beger M, Pandolfi JM (2014) Trait-mediated environmental filtering drives 
assembly at biogeographic transition zones. Ecology, 95, 1000-1009. 
Spalding MD, Fox HE, Halpern BS et al. (2007) Marine ecoregions of the world: A bioregionalization 
of coastal and shelf areas. Bioscience, 57, 573-583. 
Stocker T, Qin D, Plattner G-K et al. (2014) Climate change 2013: The physical science basis, 
Cambridge University Press Cambridge, UK, and New York. 
Sweatman H, Delean S, Syms C (2011) Assessing loss of coral cover on Australia's Great Barrier 
Reef over two decades, with implications for longer-term trends. Coral Reefs, 30, 521-531. 
Tager D, Webster JM, Potts DC, Renema W, Braga JC, Pandolfi JM (2010) Community dynamics of 
Pleistocene coral reefs during alternative climatic regimes. Ecology, 91, 191-200. 
Toth LT, Aronson RB, Vollmer SV et al. (2012) ENSO Drove 2500-Year Collapse of Eastern Pacific 
Coral Reefs. Science, 337, 81-84. 
Walker MJC, Berkelhammer M, Bjorck S et al. (2012) Formal subdivision of the holocene 
series/epoch: A discussion paper by a working group of intimate (integration of ice-core, 
marine and terrestrial records) and the subcommission on quaternary stratigraphy 
(international commission on stratigraphy). Journal of Quaternary Science, 27, 649-659. 
Warwick RM, Clarke KR, Suharsono (1990) A statistical analysis of coral community responses to 
the 1982–83 El Niño in the Thousand Islands, Indonesia. Coral Reefs, 8, 171-179. 
 
GENERAL DISCUSSION                                                                                112 
5 General Discussion 
5.1 Summary of Background, Information Gaps, Aims and Main Findings 
The effect of human activities on modern ecosystem dynamics has been difficult to explain 
because a system´s responses may be confounded with natural ecological variability (Pandolfi, 2011; 
Willis &  Birks, 2006). Closer inspection of the range of natural variability in ecosystem attributes, 
such as community structure and species diversity, provides a robust conceptual framework to address 
this problem and clarify causes of ecosystem decline (Pandolfi, 2011; Willis &  Birks, 2006). It can 
thus provide information useful for the conservation of global ecosystems and the services they 
provide (Graham et al., 2014; Pandolfi, 2011). 
As mentioned at the outset of this thesis, coral reefs are among the most diverse ecosystems 
on Earth, they provide valuable ecosystem services including fishing and coastal protection, and have 
a good fossil record (Pandolfi &  Minchin, 1996). Fossil coral reefs provide ecological, 
geomorphological and environmental information covering thousands or millions of years before 
intense human impact began (Pandolfi, 2011). For example, previous studies have used fossil coral 
reefs to investigate, over millennial timescales, reef-building coral community structure (Pandolfi &  
Jackson, 2006), reef accretion rates (Dullo, 2005), and sea-level change (Woodroffe &  Webster, 
2014). 
Such information has been successfully used to evaluate modern coral reef dynamics in the 
context of their range of natural variability in both the Caribbean (Aronson et al., 2004; Aronson &  
Precht, 1997; Pandolfi &  Jackson, 2006), and the Indo-Pacific (Lybolt et al., 2011; Pandolfi, 1996). 
In the Great Barrier Reef (GBR), a few studies have utilised this conceptual framework (Perry et al., 
2009; Perry et al., 2008; Roff et al., 2013) but important information gaps remain, particularly in the 
inshore southern GBR, which has received less attention (one example is Kleypas, 1996). 
Reefs of the southern GBR, which lie just north of the Tropic of Capricorn, merit particular 
attention because they constitute potential refugia or “stepping stones” as tropical species migrate to 
higher latitudes under the force of by global warming (Beger et al., 2014; Poloczanska et al., 2013; 
van Hooidonk et al., 2013). This thesis develops the southernmost millennial-scale record of coral 
reef ecology and geomorphology from the inshore GBR, focusing on three reefs in the northern 
Keppel Islands, and therefore expands on previous work along the GBR (Perry et al., 2009; Perry et 
al., 2008; Roff et al., 2013). It is based on a robust geochronology, developed with 154 high-precision 
Uranium-Thorium age determinations, spanning 7.5 ka to the present day. The goal has been to 
evaluate the millennial-scale dynamics of a coral reef system from the inshore southern GBR, subject 
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to both natural and human-induced environmental pressures, and thereby elucidate the spatio-
temporal variation in ecological attributes of these reefs relevant to their provision of ecosystem 
services. The results help to narrow three major information gaps, concerning: (a) suitable 
temperature refugia for coral reefs, (b) temporal and spatial variability in coral reef accretion rates 
and (c) temporal variability in coral community composition. 
5.1.1 Suitable Temperature Refugia for Coral Reefs 
No previous study has developed the ecological and geomorphological criteria to evaluate, 
over millennial timescales, the refugia potential of reefs in the southern GBR, where tropical species 
may shelter from a rise in ocean temperature as the climate changes. Those set out in chapter 2 
(“Suitable Refugium for Corals Identified in the Southern Great Barrier Reef”)—covering in the 
northern Keppels from 7.5 ka to the present in the context of previous work from the northern, central 
and southern GBR and Moreton Bay (Lybolt et al., 2011; Perry &  Smithers, 2011; Roff et al., 2013) 
— point to millennial-scale attributes that are desirable for a temperature refugium, including reef-
building capacity and the persistence of Acropora corals. Thus, these reefs may provide suitable 
shelter to reef species capable of pole-ward range expansion because of ocean warming. 
5.1.2 Temporal and Spatial Variability in Coral Reef Accretion Rates 
Temporal and spatial variability in coral reef accretion rates are best studied by (a) comparing 
data from reef flat and reef slope habitats of the same reefs, and (b) expanding those data beyond the 
past 1 ka only (Hopley et al., 2007; Perry et al., 2012; Roff et al., 2015). As noted in chapter 3 [“A 
Record of Holocene Reef Accretion (7.5 ka–Present) from the Inshore Southern Great Barrier Reef”] 
, when this approach is applied to test for equal vertical accretion rates across Keppel reef habitats 
from 7.5 ka to present, substantial variability in vertical accretion rates becomes apparent both in time 
and in space. This was associated with a substantial change in large-scale environmental variability, 
including sea-level and ENSO, from the mid- to the late-Holocene. 
5.1.3 Temporal Variability in Coral Community Composition 
Disentangling natural from human-induced variation in reef-building coral community 
structure in the GBR has been hampered by insufficient data from the time interval in which GBR 
reefs developed (~8–0 ka) and the environmental conditions that they experienced (Perry et al., 2009; 
Perry et al., 2008; Roff et al., 2013). Chapter 4 [“A Holocene Record (7.5 ka–Present) of Variable 
Coral Community Structure from the Southern Great Barrier Reef”] tested for temporal variability in 
reef-building coral community structure from 7.5 ka to the present day, and evaluated the importance 
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of stochastic relative to deterministic mechanisms of community assembly. Reef-building coral 
community structure changed from the mid-Holocene to later time intervals but persisted from the 
late-Holocene to the modern. Such change was associated with the temporal loss of a random subset 
of genera from local communities driven by variability in large-scale environmental factors such as 
sea-level and wave energy. Overall, we were unable to detect any signal for anthropogenic 
degradation in the community structure of corals from these reefs. Moreover, stochastic processes 
were more important than deterministic processes in driving reef-building coral community assembly 
from 7.5 ka to the present day. 
5.2 Theoretical Implications 
5.2.1 Assessments of Suitable Refugia May Improve By Examining Historical Attributes of 
the Reefs 
High-latitude regions are thought to constitute potential refugia for coral species escaping 
ocean warming (Beger et al., 2014; van Hooidonk et al., 2013). To expand on the few empirical 
studies based on historical records (e.g. Lybolt et al., 2011), chapter 2 developed criteria for a robust 
assessment of suitable refugia. When applied to reefs in the northern Keppels, they indicate desirable 
attributes displayed over millennial timescales and thus good refugia potential in this region. 
Consistent with this, results of chapter 3 further demonstrate the capacity of these reefs to accrete 
relatively rapidly during a period when accretion rates on most reefs in the GBR were fairly low [from 
5.5–0 ka (Smithers et al., 2006)]. Moreover, the results of chapter 4 suggest no substantial human-
induced degradation of these reefs at present. While useful insights can be gained from modelling 
experiments (van Hooidonk et al., 2013) or shorter-term ecological studies (Jones &  Berkelmans, 
2010), historical studies are critical to separating natural from human-induced sources of ecosystem 
decline (Beger et al., 2014; Pandolfi, 2011). The historical approach used in this thesis revealed that 
ecological and geomorphological attributes of these reefs, relevant to their capacity to provide 
suitable refugia to reef species, have persisted over the long-term and have not been notably altered 
since human impact began. 
5.2.2 Vertical Accretion Rates May Vary Between Reef Flat and Reef Slope Habitats 
Past rates of change in ecosystem properties, such as biomass accumulation rates, may help 
in predicting the capacity of ecosystems to cope with ongoing climate change (Pandolfi, 2011). Sea-
level rise is a well-known consequence of climate change (Stocker et al., 2014). The capacity of coral 
reefs to keep-up with sea-level rise has intrigued researchers for at least the past three decades (Davies 
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et al., 1985; Neumann &  Macintyre, 1985; Woodroffe &  Webster, 2014). Coral reef vertical 
accretion rates have been reported for many reefs worldwide, but mostly based on information derived 
from reef flat habitats (Dullo, 2005). As reef slope habitats are poorly represented in the literature 
(for an exception see Roff et al., 2015), available evidence sheds little light on the overall accretion 
potential of coral reefs. The results in this thesis indicate substantial variability in reef vertical 
accretion rates between reef flat and reef slope habitats (chapter 3). This illustrates that the overall 
accretion potential of a reef may be more precisely estimated from reef flat and reef slope accretion 
rates, rather than those from reef flats exclusively (chapter 3). 
5.2.3 Geomorphological and Ecological Reef Attributes May Be Decoupled 
The link between ecological attributes of reef-building organisms and reef ecosystem services 
is often mediated by the geomorphological attributes of the reefs as physical structures. Yet, the 
coupling between ecological and geomorphological attributes remains inconclusive (Beck, 2010). For 
example, information on the growth rate of individual coral colonies (ecological attribute) has been 
used to predict the accretion potential of coral reefs (geomorphological attribute), which is 
fundamental to the capacity of coral reefs to provide coastal protection (ecosystem service) 
(Buddemeier &  Smith, 1988; Dullo, 2005). However, contrary to the expectation that ecological and 
geomorphological reef attributes would be strongly related, evidence from the Huon Peninsula (Papua 
New Guinea) and Moreton Bay (Australia) indicates that coral community composition and reef 
vertical accretion rates are not significantly correlated (Beck, 2010; Lybolt, 2012). 
The results of this thesis indicate that geomorphological attributes of the northern Keppel reefs 
(e.g. the timing and magnitude of reef development) have varied substantially and consistently over 
millennial timescales from 7.5–0 ka. In contrast to geomorphological attributes, important ecological 
attributes have been more stable through the studied time interval. For example, Acropora corals 
remained highly abundant and dominant consistently from 7.5 to 0 ka (chapter 2) and reef-building 
coral community structure persisted from 4 ka to the present day (chapter 4). This contrast is 
consistent with previous suggestions that environmental factors may affect geomorphological and 
ecological reef attributes independently (Beck, 2010; Lybolt, 2012). 
5.2.4 Community Structure Change May Indicate Ecosystem Decline Clearer Than 
Diversity Loss 
Detectable evidence of ecosystem decline worldwide may be found in the temporal variation 
in community structure, by which human-impacted ecosystems are becoming substantially different 
from their natural counterparts (Dornelas et al., 2014; Jackson et al., 2001; Pandolfi et al., 2003). 
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Temporal variation in community structure appears to be a better metric for assessing ecosystem state 
than biodiversity loss (Dornelas et al., 2014; Pandolfi &  Lovelock, 2014). This is because 
biodiversity loss may be masked by enriched diversity as new species invade local habitats (Dornelas 
et al., 2014; Jackson et al., 2001). For example, new species may be introduced into local 
communities by humans, or immigrate as they escape global warming towards the poles (Dornelas et 
al., 2014). This outcome is problematic because these “novel ecosystems” imply a potential change 
in the services that ecosystems provide, and the need for human societies to adapt accordingly 
(Graham et al., 2014). 
Here, local diversity (genus richness and Shannon-Wiener diversity) decreased and 
dissimilarity among local communities increased consistently through time (chapter 4). Thus, later 
local communities became less diverse and more different from one another than had their earlier 
counterparts (chapter 4). Local diversity declined substantially from the mid-Holocene to the modern 
period. However, community structure changed only during the transition from the mid- to the late-
Holocene (~4 ka)—not from the late-Holocene to the modern. Therefore, the modern northern Keppel 
reefs currently display coral community structure within the range of natural ecological variability 
over the past 4 millennia. While this regional study associates the temporal decrease in local diversity 
with substantial change in community structure, global evidence suggests that this finding cannot be 
generalised to reefs in other regions or taxa (Dornelas et al., 2014). This thesis therefore highlights 
the importance of recognising the regional variability in ecosystem response to environmental change 
(Dornelas et al., 2014). 
5.2.5 Variation in Local Diversity May Complicate Understanding Community Assembly 
Community assembly provides a conceptual framework relating ecological with 
environmental factors useful for predicting ecological states in the face of ongoing climate change 
(Chase, 2003). Understanding the processes that dominate community assembly is central to 
determining local and regional species diversity, and the variation in community structure in space 
and time (Chase, 2003). In order to assess the relative importance of deterministic versus stochastic 
processes of community assembly, the observed variation in community structure among local 
communities can be compared to that expected by random change (Dornelas et al., 2014; Pandolfi &  
Jackson, 2006). However, traditional approaches may confound the variation in community structure 
among localities with variation in the number of taxa present in each local community and in the 
regional taxonomic pool (Anderson et al., 2011). For example, assuming that the regional taxonomic 
pool is constant, if an environmental factor decreases or increases the number of taxa in each local 
community, there is a concomitant change in community structure among localities [e.g. Figure 2 in 
(Chase &  Myers, 2011)]. Such change would occur even if the environmental factor had no effect in 
 
GENERAL DISCUSSION                                                                                117 
driving ecological differences among localities (Chase et al., 2011). Recently developed approaches 
can address this caveat (Chase et al., 2011) but have not yet been widely applied. 
In the northern Keppels, increased environmental variability from the mid- to the late-
Holocene drove a decrease in local diversity, and in turn, a substantial change in community structure. 
Because the decrease in local diversity occurred via the random removal of taxa from local 
communities, however, community assembly in this area was dominated by stochastic processes 
(chapter 4). This thesis represents the first application of a null model corrected for the effect of local 
diversity in reef-building coral community structure over millennial timescales.  
5.3 Practical Implications 
5.3.1 Deciding What Reefs to Manage and How 
The development and quantification of the range of natural variability of a reef system 
provides robust information for management. It may be applied across reefs in different regions, to 
monitor their status in the face of ongoing human impact and to measure the success of management 
actions. For example, reefs in the northern Keppels currently fit within their range of natural 
variability (chapter 2, 4) suggesting no severe human-induced degradation. Based on this finding, 
management of the northern Keppel reefs should be considered successful providing their current 
dynamics remain within their range of natural variability, which should be assessed via regular 
monitoring. In contrast, Pelorus reef (~600 km north of the Keppels) and Moreton Bay (~400 km 
south of the Keppels) have shown evidence of dramatic degradation following the onset of increased 
human impact (Lybolt et al., 2011; Roff et al., 2013). If management aims to maximise the 
preservation of less-degraded reefs, then its efforts should be focus on reefs in the northern Keppels. 
Alternatively, if the intention is to minimise further deterioration, then management efforts should 
preferentially focus on Pelorus reef and those in Moreton Bay. 
The range of natural variability of coral reefs may be used for the rigorous assessment of the 
potential for different reefs and regions to provide refugia for reef species escaping global warming. 
For example, North Keppel and Middle reef in the Keppels showed a capacity to rapidly accrete up 
to sea-level (accretion rates ranged from 5.4–9.5 m/ka) within the interval from ~5.3–2.3 ka (chapters 
2, 3) at a time when accretion rates and reef development generally declined along the GBR (Perry 
&  Smithers, 2011; Smithers et al., 2006). Thus, compared with most reefs in the GBR, North Keppel 
and Middle reefs had, from ~5.3 to 2.3 ka, greater capacity to build habitat for reef species, which is 
desirable from a reef refugium (chapters 2, 3). Further, North Keppel and Middle reefs appear to be 
actively accreting in the present day, whereas Halfway reef (also in the northern Keppels) has not 
accreted since 2 ka. Therefore, North Keppel and Middle reefs may constitute better refugia than 
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Halfway reef. When possible, the preferable approach to suitable reef habitats, with good potential to 
shelter reef species from climate change, is conservation, as opposed to more expensive and/or 
potentially less predictable methods of management, such as assisted colonisation (Hoegh-Guldberg 
et al., 2008). 
5.3.2 Accounting for Variability in Accretion Potential across Reef Flat and Slope Habitats 
The variability in coral reef accretion rates across reef habitats has been overlooked. Climate 
change threatens coastal human development because it is resulting in higher sea-levels and increased 
storm frequency and severity (Stocker et al., 2014). While the response of coral reefs to sea-level 
fluctuations is relatively well understood over large spatial scales (Woodroffe &  Webster, 2014), 
little is known about how accretion potential varies with reef habitat. Chapter 3 lays out the first direct 
evidence for variability in accretion rates from reef flat and reef slope habitats on the same reefs. In 
the northern Keppels, reef slope habitats are more sensitive to variability in sea-level and ENSO than 
reef flats. Relatively rapid vertical accretion rates on reef slopes occurred from the central GBR over 
the past 1 ka (Roff et al., 2015). While still preliminary, these results collectively suggest that reef 
slope habitats may make substantial contributions to overall reef accretion potential, and in turn, to 
the ecosystem services that reef accretion provides (e.g., coastal protection). However, they also 
highlights the need to mitigate the effect of climate change that enhances variability in large-scale 
environmental factors such as ENSO. Management should act at the local scale, for example, by 
protecting reef slope habitats (in particular) from physical damage, such as that caused by anchoring. 
5.3.3 Conserving the Processes Driving Community Assembly 
In order to guard ecosystems from deterioration, it is crucial to understand and manage the 
processes that naturally shape the structure of their communities (Chase, 2003). That structure 
indicates how environmental factors may result in particular ecological states (Chase, 2003). When 
community structure is mainly shaped by deterministic processes it may be best preserved by 
conserving the desired habitat properties, for example, by managing local and regional environmental 
conditions (Chase, 2003). When stochastic processes are dominant, it beomes more difficult to predict 
the course of community structure, although stochastic processes would be more likely to remove 
rare than common taxa. Hence regular monitoring would be required to detect changes in community 
structure . If community structure does change and is in need of restoration, necessary intervention 
may include adding or removing taxa or facilitating ecological processes that will lead to the 
restoration of depleted populations (Chase, 2007). 
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As the results of this thesis indicate, the northern Keppel reefs are populated by dominantly 
stochastic coral communities. Acropora will likely continue to support the ecosystem services that 
these reefs provide [e.g. building habitat for fish (Williamson et al., 2014)] because this species is 
regionally abundant and dominant. Therefore it is unlikely that random processes will remove this 
genus from the regional taxonomic pool. Integrative management of global and regional stressors 
should further support the capacity of these reefs to serve as refugium for reef species escaping ocean 
temperature rise (chapter 2). 
5.4 Future Research 
5.4.1 Improving the Temporal and Spatial Coverage of Environmental Records 
In the northern Keppels, sea-level, wave energy, ENSO and PDO drove variability in (a) the 
timing and magnitude of reef development across reefs and regions (chapter 2), (b) reef vertical 
accretion rates (chapter 2), and (c) reef-building coral community structure (chapter 4). However, 
sea-level oscillations previously documented for eastern Australia coincided only in part with 
variability in the timing and magnitude of reef development in the Keppels (chapter 2). One reason 
may be that data from the southern GBR is insufficiently represented in published sea-level curves 
(Lewis et al., 2008). Future research should aim to improve sea-level curves by increasing the 
geographic coverage of the data; data from the Keppels should be available soon (Leonard et al., in 
preparation). 
An additional complication in linking variability in geomorphological and ecological 
attributes to environmental change is that proxies of ENSO and PDO either come from regions distant 
from the Keppels (Barron &  Anderson, 2011; Moy et al., 2002) or span only the past few decades 
(Rodriguez-Ramirez et al., 2014). To extend this research, high-resolution regional proxies of 
Holocene environmental variability should be correlated with the data obtained in this study, 
including vertical reef accretion rates and abundance of reef-building coral of different taxa within 
the cores. Recently developed X-ray fluorescence core scanners can be used for this purpose. This 
technology allows fast, high-resolution and non-destructive geochemical analysis of sediment cores 
(Rothwell et al., 2006). Although no published work has applied such technology in coral reef 
environments specifically, doing so seems feasible, although core surface topography may be an 
important caveat (Rothwell et al., 2006). This should allow direct correlation of reef ecological 
attributes with environmental data collected in-situ, from the same or adjacent reef matrix cores. Such 
an extension of this thesis should allow a more precise identification of the nature and magnitude of 
the environmental factors that could impair delivery of coral reef ecosystem services. 
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5.4.2 Examining the Effect of Natural and Human Pressures along a Water 
Quality Gradient 
Few studies have directly examined reef development and community structure along a water 
quality gradient (Kleypas, 1996). Increased sediments and other pollutants from river catchments are 
a major threat to inshore coral reefs (McCulloch et al., 2003). In eastern Australia, reefs adjacent to 
the Burdekin (central GBR) and Brisbane (south of the GBR) catchments show clear evidence of 
anthropogenic decline (Lybolt et al., 2011; Roff et al., 2013). While this thesis suggests no decline in 
reef-building coral community structure in the northern Keppel reefs, other reefs from the same 
region, located closer to the Fitzroy River mouth, still require investigation. It would be beneficial to 
collect data from not only reef framework cores but also from death assemblages of reef-building 
coral communities. While reef framework cores may span longer timescales, death assemblages may 
be better suited for linking recent events related to human impact with coral reef decline (Roff et al., 
2013). In the northern Keppels this approach has been previously used to relate reef-building coral 
mortality with instrumental records of discharge from the Fitzroy River, and other major disturbances 
such as coral bleaching (Rodríguez-Ramírez, 2013). Extending the geographic scope of this thesis—
and previous studies within the Keppels (Rodríguez-Ramírez, 2013) and in other regions adjacent to 
major river catchments— with different levels of human-induced pollution, is an important direction 
for future research. 
5.4.3 Integrating the Study of Multiple Reef Organisms 
A more complete understanding of coral reef dynamics over millennial timescales may be 
achieved by integrating data from reef-building corals and other reef taxa. Obtaining and processing 
samples for palaeoecological and geomorphological studies demands considerable effort, so reusing 
samples to address multiple research questions should be preferred over collecting new samples. 
Studies comparing different taxonomic groups may reveal similar or contrasting patterns from 
different taxa (e.g. Tager et al., 2010). In addition to reef-building corals, other taxonomic groups 
commonly found in fossil reefs include molluscs, foraminifera and crustose coralline algae (Cramer 
et al., 2012; Reymond et al., 2013; Tager et al., 2010). In cores from the northern Keppels, molluscs 
were the second most abundant taxonomic group after reef-building corals (data not shown). Thus, 
cores produced in this thesis may be used to examine, for example, temporal variation in mollusc 
community structure. 
5.5 Contribution 
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Using the conceptual framework of the range of natural variability in ecosystem attributes, 
and by integrating the disciplines of geochemistry, geomorphology, palaeontology and ecology, this 
thesis has advanced our understanding of the conservation value, the accretion potential and the 
community ecology of three reefs in the northern Keppel Islands. This contribution narrows an 
important information gap relating to the inshore southern GBR. While focussed on a specific reef 
system, this thesis provides a reproducible conceptual framework and directions for future research 
that should allow extension of the geographic and temporal scope of this work. 
  
 
GENERAL DISCUSSION                                                                                122 
5.6 References 
Anderson MJ, Crist TO, Chase JM et al. (2011) Navigating the multiple meanings of beta diversity: 
a roadmap for the practicing ecologist. Ecology Letters, 14, 19-28. 
Aronson RB, MacIntyre IG, Wapnick CM, O'Neill MW (2004) Phase shifts, alternative states, and 
the unprecedented convergence of two reef systems. Ecology, 85, 1876-1891. 
Aronson RB, Precht WF (1997) Stasis, biological disturbance, and community structure of a 
Holocene coral reef. Paleobiology, 23, 326-346. 
Barron JA, Anderson L (2011) Enhanced Late Holocene ENSO/PDO expression along the margins 
of the eastern North Pacific. Quaternary International, 235, 3-12. 
Beck B (2010) Ecology and paleoecology of Indo-Pacific coral reefs (Solomon Islands and Papua 
New Guinea). PhD, The University of Queensland, Brisbane, 159 pp. 
Beger M, Sommer B, Harrison PL, Smith SDA, Pandolfi JM (2014) Conserving potential coral reef 
refuges at high latitudes. Diversity and Distributions, 20, 245-257. 
Buddemeier RW, Smith SV (1988) Coral-reef growth in an era of rapidly rising sea-level - predictions 
and suggestions for long-term research. Coral Reefs, 7, 51-56. 
Chase JM (2003) Community assembly: when should history matter? Oecologia, 136, 489-498. 
Chase JM (2007) Drought mediates the importance of stochastic community assembly. Proceedings 
of the National Academy of Sciences of the United States of America, 104, 17430-17434. 
Chase JM, Kraft NJB, Smith KG, Vellend M, Inouye BD (2011) Using null models to disentangle 
variation in community dissimilarity from variation in alpha-diversity. Ecosphere, 2. 
Chase JM, Myers JA (2011) Disentangling the importance of ecological niches from stochastic 
processes across scales. Philosophical Transactions of the Royal Society B-Biological 
Sciences, 366, 2351-2363. 
Cramer KL, Jackson JBC, Angioletti CV, Leonard-Pingel J, Guilderson TP (2012) Anthropogenic 
mortality on coral reefs in Caribbean Panama predates coral disease and bleaching. Ecology 
Letters, 15, 561-567. 
Davies P, Marshall J, Hopley D (1985) Relationship between reef growth and sea-level in the Great 
Barrier Reef. In: Proceeding of the Second International Coral Reef Symposium. pp. 95–103. 
Dornelas M, Gotelli NJ, McGill B, Shimadzu H, Moyes F, Sievers C, Magurran AE (2014) 
Assemblage Time Series Reveal Biodiversity Change but Not Systematic Loss. Science, 344, 
296-299. 
Dullo WC (2005) Coral growth and reef growth: a brief review. Facies, 51, 37-52. 
Graham NAJ, Cinner JE, Norstrom AV, Nystrom M (2014) Coral reefs as novel ecosystems: 
embracing new futures. Current Opinion in Environmental Sustainability, 7, 9-14. 
Hoegh-Guldberg O, Hughes L, McIntyre S, Lindenmayer DB, Parmesan C, Possingham HP, Thomas 
CD (2008) Assisted colonization and rapid climate change. Science, 321, 345-346. 
Hopley D, Smithers SG, Parnell K (2007) The geomorphology of the Great Barrier Reef: 
Development, diversity, and change, Cambridge, Cambridge University Press. 
 
GENERAL DISCUSSION                                                                                123 
Jackson JBC, Kirby MX, Berger WH et al. (2001) Historical overfishing and the recent collapse of 
coastal ecosystems. Science, 293, 629-638. 
Jones AM, Berkelmans R (2010) Marine ‘refugia’ in the Keppel Region of the Great Barrier Reef. 
Headmark (Red Hill, A.C.T.), 136, p. 19-27. 
Kleypas JA (1996) Coral reef development under naturally turbid conditions: Fringing reefs near 
Broad Sound, Australia. Coral Reefs, 15, 153-167. 
Leonard ND, Zhao J-x, Welsh KJ, Feng Y-x, Clark TR, Pandolfi JM, Smithers S (in preparation) 
Holocene sea level instability in the southern Great Barrier Reef, Australia: high precision U-
Th dating of fossil microatolls. 
Lewis SE, Wust RAJ, Webster JM, Shields GA (2008) Mid-late holocene sea-level variability in 
eastern Australia. Terra Nova, 20, 74-81. 
Lybolt M (2012) Dynamics of marginal coral reef ecosystems: historical responses to climatic and 
anthropogenic change. Unpublished PhD thesis University of Queensland, Brisbane. 
Lybolt M, Neil D, Zhao J, Feng Y, Yu K-F, Pandolfi J (2011) Instability in a marginal coral reef: The 
shift from natural variability to a human-dominated seascape. Frontiers in Ecology and the 
Environment, 9, 154-160. 
McCulloch M, Fallon S, Wyndham T, Hendy E, Lough J, Barnes D (2003) Coral record of increased 
sediment flux to the inner Great Barrier Reef since European settlement. Nature, 421, 727-
730. 
Moy CM, Seltzer GO, Rodbell DT, Anderson DM (2002) Variability of El Nino/Southern Oscillation 
activity at millennial timescales during the Holocene epoch. Nature, 420, 162-165. 
Neumann AC, Macintyre IG ( 1985) Reef response to sea level rise: keep-up, catch-up or give-up. In: 
Proceedings Of The Fifth International Coral. (eds Gabrie C, Toffart JL, Salvat B) pp. 105–
110, Tahiti. 
Pandolfi J (2011) The Paleoecology of Coral Reefs. In: Coral Reefs: An Ecosystem in Transition. 
(eds Dubinsky Z, Stambler N) pp. 13-24. Springer Netherlands. 
Pandolfi JM (1996) Limited membership in Pleistocene reef coral assemblages from the Huon 
Peninsula, Papua New Guinea: Constancy during global change. Paleobiology, 22, 152-176. 
Pandolfi JM, Bradbury RH, Sala E et al. (2003) Global trajectories of the long-term decline of coral 
reef ecosystems. Science, 301, 955-958. 
Pandolfi JM, Jackson JBC (2006) Ecological persistence interrupted in Caribbean coral reefs. 
Ecology Letters, 9, 818-826. 
Pandolfi JM, Lovelock CE (2014) Novelty Trumps Loss in Global Biodiversity. Science, 344, 266-
267. 
Pandolfi JM, Minchin PR (1996) A comparison of taxonomic composition and diversity between reef 
coral life and death assemblages in Madang Lagoon, Papua New Guinea. Palaeogeography 
Palaeoclimatology Palaeoecology, 119, 321-341. 
Perry CT, Smithers SG (2011) Cycles of coral reef 'turn-on', rapid growth and 'turn-off' over the past 
8500 years: A context for understanding modern ecological states and trajectories. Global 
Change Biology, 17, 76-86. 
 
GENERAL DISCUSSION                                                                                124 
Perry CT, Smithers SG, Gulliver P, Browne NK (2012) Evidence of very rapid reef accretion and 
reef growth under high turbidity and terrigenous sedimentation. Geology, 40, 719-722. 
Perry CT, Smithers SG, Johnson KG (2009) Long-term coral community records from Lugger Shoal 
on the terrigenous inner-shelf of the central Great Barrier Reef, Australia. Coral Reefs, 28, 
941-948. 
Perry CT, Smithers SG, Palmer SE, Larcombe P, Johnson KG (2008) 1200 year paleoecological 
record of coral community development from the terrigenous inner shelf of the Great Barrier 
Reef. Geology, 36, 691-694. 
Poloczanska ES, Brown CJ, Sydeman WJ et al. (2013) Global imprint of climate change on marine 
life. Nature Climate Change, 3, 919-925. 
Reymond CE, Roff G, Chivas AR, Zhao J-x, Pandolfi JM (2013) Millennium-scale records of benthic 
foraminiferal communities from the central Great Barrier Reef reveal spatial differences and 
temporal consistency. Palaeogeography Palaeoclimatology Palaeoecology, 374, 52-61. 
Rodriguez-Ramirez A, Grove CA, Zinke J, Pandolfi JM, Zhao J-x (2014) Coral Luminescence 
Identifies the Pacific Decadal Oscillation as a Primary Driver of River Runoff Variability 
Impacting the Southern Great Barrier Reef. Plos One, 9. 
Rodríguez-Ramírez EA (2013) Past reef responses and disturbances in the southern Great Barrier 
Reef. Unpublished Doctor of Philosophy PhD, The University of Queensland, Queensland, 
157 pp. 
Roff G, Clark TR, Reymond CE et al. (2013) Palaeoecological evidence of a historical collapse of 
corals at Pelorus Island, inshore Great Barrier Reef, following European settlement. 
Proceedings of the Royal Society B-Biological Sciences, 280. 
Roff G, Zhao J-x, Pandolfi JM (2015) Rapid accretion of inshore reef slopes from the central Great 
Barrier Reef during the late Holocene. Geology, 43, 343-346. 
Rothwell RG, Hoogakker B, Thomson J, Croudace IW, Frenz M (2006) Turbidite emplacement on 
the southern Balearic Abyssal Plain (western Mediterranean Sea) during Marine Isotope 
Stages 1-3: an application of ITRAX XRF scanning of sediment cores to lithostratigraphic 
analysis. In: New Techniques in Sediment Core Analysis. (ed Rothwell RG) pp. 79-98. 
Smithers SG, Hopley D, Parnell KE (2006) Fringing and nearshore coral reefs of the Great Barrier 
Reef: Episodic Holocene development and future prospects. Journal of Coastal Research, 22, 
175-187. 
Stocker T, Qin D, Plattner G-K et al. (2014) Climate change 2013: The physical science basis, 
Cambridge University Press Cambridge, UK, and New York. 
Tager D, Webster JM, Potts DC, Renema W, Braga JC, Pandolfi JM (2010) Community dynamics of 
Pleistocene coral reefs during alternative climatic regimes. Ecology, 91, 191-200. 
van Hooidonk R, Maynard JA, Planes S (2013) Temporary refugia for coral reefs in a warming world. 
Nature Climate Change, 3, 508-511. 
Williamson DH, Ceccarelli DM, Evans RD, Jones GP, Russ GR (2014) Habitat dynamics, marine 
reserve status, and the decline and recovery of coral reef fish communities. Ecology and 
Evolution, 4, 337-354. 
Willis KJ, Birks HJB (2006) What is natural? The need for a long-term perspective in biodiversity 
conservation. Science, 314, 1261-1265. 
 
GENERAL DISCUSSION                                                                                125 
Woodroffe CD, Webster JM (2014) Coral reefs and sea-level change. Marine Geology, 352, 248-267. 
 
 
APPENDIX A                            126 
A. Appendix to Chapters 2, 3 and 4 
Table A-1 
U-Th age [ka = thousand calendar years before 1950 CE] and 2 σ error for each dated sample from North Keppel, Middle and Halfway reefs  
ID Sample name Genus Latitude      
(dd) 
Longitude     
(dd) 
Elev. 
LAT 
(m) 
U (ppm) 232Th (ppb) (230Th/   
232Th)meas 
(230Th/238U) Uncorrected 
230Th age (1000 
yr ago) 
Corrected 230Th age 
(ka) 
  Halfway reef                                  
MLD21 H.P.3|1.AB.175.178 Acropora -23.199372 150.970689 -0.88 3.4233 ± 0.0022 1.2760 ± 0.0020 606.8 ± 1.5 0.0745 ± 0.0002 7.353 ± 0.017 7.280 ± 0.018 
MLE36 H.P.3|1.AB.120.125 Acropora -23.199372 150.970689 -0.35 3.2417 ± 0.0029 0.5020 ± 0.0010 1426.7 ± 4.3 0.0727 ± 0.0002 7.150 ± 0.022 7.078 ± 0.022 
MLE38 H.P.3|1.AB.65.70 Acropora -23.199372 150.970689 0.32 3.7607 ± 0.0022 1.0880 ± 0.0010 743.7 ± 1.3 0.0709 ± 0.0001 6.969 ± 0.012 6.896 ± 0.013 
MLD22 H.P.3|2.AB.170.175 Montipora -23.199361 150.970689 -2.40 3.3646 ± 0.0014 9.0440 ± 0.0140 86.7 ± 0.2 0.0768 ± 0.0002 7.586 ± 0.016 7.452 ± 0.038 
MLE02 H.P.3|2.AB.50.55 Acropora -23.199361 150.970689 -0.84 3.8599 ± 0.0020 1.8020 ± 0.0030 477.7 ± 1.3 0.0735 ± 0.0002 7.225 ± 0.018 7.148 ± 0.018 
MLE04 H.P.3|2.CD.40.45 Acropora -23.199361 150.970689 0.59 3.5508 ± 0.0032 3.1080 ± 0.0030 244.4 ± 0.6 0.0705 ± 0.0002 6.914 ± 0.020 6.829 ± 0.020 
MLE08 H.P.3|2.CD.15.20 Acropora -23.199361 150.970689 0.91 3.3096 ± 0.0018 79.1060 ± 0.2500 9.1 ± 0.0 0.0717 ± 0.0001 6.929 ± 0.017 6.411 ± 0.092 
MLE35 H.P.3|2.AB.120.125 Acropora -23.199361 150.970689 -1.75 3.6224 ± 0.0023 0.5450 ± 0.0010 1484.6 ± 4.1 0.0735 ± 0.0001 7.221 ± 0.018 7.150 ± 0.018 
MLE37 H.P.3|2.CD.85.90 Acropora -23.199361 150.970689 0.00 3.6677 ± 0.0017 0.9480 ± 0.0010 847.3 ± 2.0 0.0722 ± 0.0001 7.088 ± 0.016 7.015 ± 0.016 
MLD23 H.D.3|1.AB.50.55 Acropora -23.199400 150.970150 -0.91 3.6781 ± 0.0024 0.5430 ± 0.0010 1235.6 ± 4.1 0.0601 ± 0.0002 5.893 ± 0.016 5.825 ± 0.016 
MLE32 H.D.3|1.AB.20.25 Acropora -23.199400 150.970150 -0.65 3.6754 ± 0.0022 1.3730 ± 0.0020 3.3 ± 0.1 0.0004 ± 0.0000 0.039 ± 0.001 -0.037 ± 0.002 
MLE42 H.D.3|1.AB.30.35 Acropora -23.199400 150.970150 -0.79 3.5520 ± 0.0023 1.0570 ± 0.0010 4.0 ± 0.1 0.0004 ± 0.0000 0.037 ± 0.001 -0.037 ± 0.002 
MLD24 H.D.3|2.AB.35.39 Acropora -23.199461 150.970131 -1.08 3.6483 ± 0.0022 1.2860 ± 0.0020 518.1 ± 1.4 0.0602 ± 0.0001 5.886 ± 0.015 5.813 ± 0.016 
MLB14 H.S1.2|1.CD.20.25 Acropora -23.201389 150.969417 -2.84 3.4400 ± 0.0024 7.3300 ± 0.0080 1.2 ± 0.0 0.0009 ± 0.0000 0.082 ± 0.001 -0.036 ± 0.028 
MLD25 H.S1.2|1.AB.160.165 Acropora -23.201389 150.969417 -6.53 3.2424 ± 0.0023 3.0270 ± 0.0040 193.7 ± 0.6 0.0596 ± 0.0002 5.832 ± 0.017 5.744 ± 0.021 
MLF02 H.S1.2|1.AB.60.65 Acropora -23.201389 150.969417 -5.49 3.4852 ± 0.0018 0.5903 ± 0.0007 1068.5 ± 2.4 0.0596 ± 0.0001 5.837 ± 0.013 5.766 ± 0.013 
MLF03 H.S1.2|1.CD.160.165 Montipora -23.201389 150.969417 -4.30 4.4734 ± 0.0024 4.5825 ± 0.0078 174.2 ± 0.5 0.0588 ± 0.0001 5.766 ± 0.014 5.678 ± 0.015 
MLF04 H.S1.2|1.CD.110.115 Acropora -23.201389 150.969417 -3.78 3.8346 ± 0.0022 0.5803 ± 0.0007 1156.9 ± 3.2 0.0577 ± 0.0001 5.644 ± 0.016 5.573 ± 0.016 
MLA01 H.S1.2|2.AB.360.365 Unknown -23.201389 150.969417 -7.77 3.3329 ± 0.0041 4.8900 ± 0.0070 130.3 ± 0.3 0.0631 ± 0.0001 6.188 ± 0.016 6.088 ± 0.025 
MLB15 H.S1.2|2.CD.15.20 Acropora -23.201389 150.969417 -3.89 3.5529 ± 0.0019 1.3000 ± 0.0020 494.1 ± 1.1 0.0598 ± 0.0001 5.845 ± 0.013 5.773 ± 0.014 
MLF05 H.S1.2|2.AB.40.45 Acropora -23.201389 150.969417 -6.41 3.2867 ± 0.0013 1.1176 ± 0.0013 542.1 ± 1.6 0.0608 ± 0.0002 5.940 ± 0.019 5.865 ± 0.019 
MLF06 H.S1.2|2.CD.155.160 Acropora -23.201389 150.969417 -5.31 3.6007 ± 0.0013 0.3465 ± 0.0006 1912.5 ± 8.6 0.0607 ± 0.0003 5.934 ± 0.027 5.864 ± 0.027 
MLF07 H.S1.2|2.CD.55.60 Acropora -23.201389 150.969417 -4.30 3.8437 ± 0.0015 0.5197 ± 0.0009 1312.3 ± 4.5 0.0585 ± 0.0002 5.718 ± 0.018 5.648 ± 0.018 
MLB16 H.S1.2|3.CD.16.21 Acropora -23.201361 150.969361 -3.96 3.4660 ± 0.0022 2.0500 ± 0.0030 1.4 ± 0.0 0.0003 ± 0.0000 0.025 ± 0.001 -0.053 ± 0.008 
MLD26 H.S1.2|3.AB.155.160 Acropora -23.201361 150.969361 -7.70 3.5754 ± 0.0027 3.7040 ± 0.0040 165.2 ± 0.5 0.0564 ± 0.0002 5.525 ± 0.016 5.434 ± 0.021 
MLF08 H.S1.2|3.AB.95.100 Lobophyllia -23.201361 150.969361 -7.19 2.4390 ± 0.0010 1.6854 ± 0.0017 260.1 ± 0.6 0.0592 ± 0.0001 5.792 ± 0.014 5.709 ± 0.014 
MLF09 H.S1.2|3.AB.85.90 Lobophyllia -23.201361 150.969361 -7.08 2.4953 ± 0.0012 1.7862 ± 0.0020 251.1 ± 0.8 0.0592 ± 0.0002 5.798 ± 0.021 5.713 ± 0.021 
MLF10 H.S1.2|3.CD.225.230 Acropora -23.201361 150.969361 -6.14 3.7145 ± 0.0019 1.3578 ± 0.0020 484.6 ± 1.5 0.0584 ± 0.0002 5.709 ± 0.017 5.634 ± 0.017 
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ID Sample name Genus Latitude      
(dd) 
Longitude     
(dd) 
Elev. 
LAT 
(m) 
U (ppm) 232Th (ppb) (230Th/   
232Th)meas 
(230Th/238U) Uncorrected 
230Th age (1000 
yr ago) 
Corrected 230Th age 
(ka) 
MLF11 H.S1.2|3.CD.155.160 Acropora -23.201361 150.969361 -5.41 3.5409 ± 0.0024 0.9328 ± 0.0014 665.4 ± 2.2 0.0578 ± 0.0002 5.632 ± 0.019 5.559 ± 0.019 
MLF12 H.S1.2|3.CD.70.75 Acropora -23.201361 150.969361 -4.52 3.6560 ± 0.0015 0.7960 ± 0.0009 794.1 ± 2.1 0.0570 ± 0.0001 5.566 ± 0.015 5.494 ± 0.015 
MLF13 H.S1.2|3.CD.40.45 Montipora -23.201361 150.969361 -4.21 3.2426 ± 0.0012 0.8953 ± 0.0012 612.8 ± 1.9 0.0558 ± 0.0002 5.440 ± 0.016 5.366 ± 0.016 
MLA02 H.S2.2|1.AB.390.395 Unknown -23.200264 150.969492 -7.88 3.4978 ± 0.0038 3.9500 ± 0.0050 169.8 ± 0.4 0.0632 ± 0.0002 6.205 ± 0.017 6.113 ± 0.023 
MLB17 H.S2.2|1.D1D2.20.25 Acropora -23.200264 150.969492 -2.83 3.1168 ± 0.0026 0.8100 ± 0.0010 3.6 ± 0.1 0.0003 ± 0.0000 0.029 ± 0.001 -0.041 ± 0.003 
MLC12 H.S2.2|1.AB.140.145 Acropora -23.200264 150.969492 -6.89 3.3733 ± 0.0017 1.0490 ± 0.0010 608.3 ± 1.6 0.0624 ± 0.0002 6.111 ± 0.016 6.039 ± 0.016 
MLC13 H.S2.2|1.AB.50.55 Acropora -23.200264 150.969492 -5.81 3.2991 ± 0.0014 2.2570 ± 0.0030 276.9 ± 0.7 0.0624 ± 0.0002 6.110 ± 0.016 6.029 ± 0.018 
MLC14 H.S2.2|1.C1C2.135.140 Acropora -23.200264 150.969492 -4.66 3.4647 ± 0.0020 2.6380 ± 0.0020 244.5 ± 0.5 0.0614 ± 0.0001 6.000 ± 0.014 5.916 ± 0.017 
MLC16 H.S2.2|1.D1D2.60.63 Acropora -23.200264 150.969492 -2.72 3.4933 ± 0.0024 6.8310 ± 0.0120 91.3 ± 0.3 0.0588 ± 0.0001 5.754 ± 0.016 5.640 ± 0.030 
MLA03 H.S2.2|2.A1A2.445.450 Unknown -23.200292 150.969372 -7.71 2.9460 ± 0.0032 4.3900 ± 0.0060 125.6 ± 0.3 0.0617 ± 0.0001 6.065 ± 0.017 5.963 ± 0.026 
MLB18 H.S2.2|2.D1D2.3.18 Acropora -23.200292 150.969372 -2.75 3.5715 ± 0.0028 0.2300 ± 0.0000 10.3 ± 0.3 0.0002 ± 0.0000 0.021 ± 0.001 -0.044 ± 0.001 
MLC06 H.S2.2|2.A1A2.60.65 Acropora -23.200292 150.969372 -6.98 3.5715 ± 0.0020 2.1480 ± 0.0030 304.2 ± 0.8 0.0603 ± 0.0001 5.909 ± 0.016 5.830 ± 0.018 
MLC07 H.S2.2|2.B1B2.95.100 Astreopora -23.200292 150.969372 -5.85 4.0030 ± 0.0033 7.1580 ± 0.0090 100.4 ± 0.2 0.0592 ± 0.0001 5.804 ± 0.012 5.694 ± 0.026 
MLC08 H.S2.2|2.C1C2.100.105 Acropora -23.200292 150.969372 -4.70 3.5810 ± 0.0029 2.8310 ± 0.0040 223.8 ± 0.6 0.0583 ± 0.0001 5.695 ± 0.014 5.611 ± 0.017 
MLC09 H.S2.2|2.C1C2.45.50 Acropora -23.200292 150.969372 -4.10 3.3478 ± 0.0018 0.9200 ± 0.0020 646.6 ± 1.6 0.0586 ± 0.0001 5.732 ± 0.011 5.661 ± 0.012 
MLC10 H.S2.2|2.D1D2.100.105 Unknown -23.200292 150.969372 -3.46 3.6312 ± 0.0017 15.1610 ± 0.0250 42.6 ± 0.1 0.0586 ± 0.0001 5.742 ± 0.013 5.570 ± 0.055 
MLC11 H.S2.2|2.D1D2.45.50 Acropora -23.200292 150.969372 -2.87 3.4515 ± 0.0021 0.4040 ± 0.0010 1444.7 ± 5.1 0.0558 ± 0.0001 5.454 ± 0.013 5.388 ± 0.014 
MLE10 H.S2.2|2.D1D2.30.35 Acropora -23.200292 150.969372 -2.93 3.6075 ± 0.0046 0.4230 ± 0.0010 1449.9 ± 3.5 0.0561 ± 0.0001 5.471 ± 0.015 5.400 ± 0.015 
MLF14 H.S2.2|2.D1D2.30.35 Acropora -23.200292 150.969372 -2.93 3.3848 ± 0.0013 0.6845 ± 0.0007 876.4 ± 3.1 0.0584 ± 0.0002 5.700 ± 0.021 5.627 ± 0.021 
MLA04 H.S2.2|3.AB.305.310 Unknown -23.200225 150.969361 -5.71 3.5075 ± 0.0033 1.9500 ± 0.0050 325.8 ± 1.2 0.0598 ± 0.0002 5.860 ± 0.018 5.782 ± 0.019 
MLB19 H.S2.2|3.CD.21.26 Pocillopora -23.200225 150.969361 -2.63 2.5584 ± 0.0023 0.6100 ± 0.0010 3.0 ± 0.1 0.0002 ± 0.0000 0.023 ± 0.001 -0.047 ± 0.003 
MLF15 H.S2.2|3.CD.120.125 Acropora -23.200225 150.969361 -3.63 3.5065 ± 0.0029 0.7444 ± 0.0011 815.6 ± 1.9 0.0571 ± 0.0001 5.578 ± 0.013 5.506 ± 0.013 
MLF16 H.S2.2|3.CD.35.40 Seriatopora -23.200225 150.969361 -2.77 3.5749 ± 0.0025 5.1490 ± 0.0059 118.2 ± 0.3 0.0561 ± 0.0001 5.475 ± 0.015 5.378 ± 0.017 
MLA05 H.S3.2|1.AB.305.310 Unknown -23.199044 150.968028 -3.59 3.8125 ± 0.0049 3.2400 ± 0.0050 132.6 ± 0.4 0.0371 ± 0.0001 3.597 ± 0.011 3.512 ± 0.015 
MLE15 H.S3.2|1.AB.135.140 Montipora -23.199044 150.968028 -2.66 3.7361 ± 0.0032 3.3260 ± 0.0040 121.0 ± 0.4 0.0355 ± 0.0001 3.425 ± 0.011 3.340 ± 0.012 
MLE17 H.S3.2|1.AB.0.5 Acropora -23.199044 150.968028 -1.11 3.9046 ± 0.0026 0.4020 ± 0.0010 642.5 ± 2.5 0.0218 ± 0.0001 2.095 ± 0.008 2.026 ± 0.008 
MLA06 H.S3.2|2.AB.285.290 Unknown -23.199125 150.968128 -5.82 3.5260 ± 0.0041 3.4700 ± 0.0060 90.2 ± 0.2 0.0292 ± 0.0001 2.820 ± 0.008 2.732 ± 0.015 
MLB20 H.S3.2|2.CD.22.27 Acropora -23.199125 150.968128 -1.70 3.0912 ± 0.0031 1.7500 ± 0.0040 1.2 ± 0.0 0.0002 ± 0.0000 0.020 ± 0.001 -0.057 ± 0.007 
MLF17 H.S3.2|2.AB.70.75 Acropora -23.199125 150.968128 -4.31 3.7435 ± 0.0024 1.5144 ± 0.0020 265.7 ± 0.8 0.0354 ± 0.0001 3.435 ± 0.011 3.359 ± 0.011 
MLF18 H.S3.2|2.CD.50.55 Unknown -23.199125 150.968128 -2.10 3.6886 ± 0.0021 2.1917 ± 0.0026 176.7 ± 0.6 0.0346 ± 0.0001 3.355 ± 0.012 3.275 ± 0.012 
MLD27 H.S3.3|3.AB.125.129 Montipora -23.198981 150.968009 -2.46 3.2760 ± 0.0018 1.9450 ± 0.0020 126.3 ± 0.3 0.0247 ± 0.0001 2.384 ± 0.006 2.305 ± 0.010 
                                    
  Middle reef                                  
MLD28 M.P.3|3.AB.140.145 Acropora -23.168578 150.918094 -1.20 3.5246 ± 0.0023 0.3050 ± 0.0010 1185.9 ± 3.9 0.0338 ± 0.0001 3.275 ± 0.009 3.209 ± 0.009 
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MLE12 M.P.3|3.AB.90.95 Montipora -23.168578 150.918094 -0.59 3.7572 ± 0.0021 5.5470 ± 0.0060 68.1 ± 0.2 0.0331 ± 0.0001 3.191 ± 0.010 3.095 ± 0.012 
MLE16 M.P.3|3.AB.30.35 Acropora -23.168578 150.918094 0.22 3.7986 ± 0.0014 0.4120 ± 0.0010 919.5 ± 3.4 0.0329 ± 0.0001 3.174 ± 0.012 3.104 ± 0.012 
MLE30 M.P.3|3.AB.15.20 Acropora -23.168578 150.918094 0.42 3.9194 ± 0.0032 4.3190 ± 0.0030 4.1 ± 0.1 0.0015 ± 0.0000 0.141 ± 0.002 0.053 ± 0.005 
MLD29 M.P.3|4.AB.140.145 Acropora -23.168533 150.918053 -1.20 3.6777 ± 0.0018 0.3530 ± 0.0010 1075.7 ± 2.9 0.0340 ± 0.0001 3.290 ± 0.008 3.224 ± 0.008 
MLF19 M.P.3|4.AB.110.115 Acropora -23.168533 150.918053 -0.86 3.9455 ± 0.0026 0.9848 ± 0.0015 404.9 ± 1.4 0.0333 ± 0.0001 3.221 ± 0.012 3.148 ± 0.012 
MLF20 M.P.3|4.AB.65.70 Acropora -23.168533 150.918053 -0.26 3.7029 ± 0.0020 0.4871 ± 0.0007 746.2 ± 2.5 0.0323 ± 0.0001 3.135 ± 0.010 3.065 ± 0.010 
MLF21 M.P.3|4.AB.15.20 Acropora -23.168533 150.918053 0.42 3.6530 ± 0.0014 0.7092 ± 0.0012 9.0 ± 0.2 0.0006 ± 0.0000 0.055 ± 0.001 -0.017 ± 0.002 
MLD30 M.D.3|1.AB.155.160 Acropora -23.169072 150.917517 -1.96 3.7094 ± 0.0018 1.3130 ± 0.0010 136.4 ± 0.5 0.0159 ± 0.0001 1.529 ± 0.005 1.456 ± 0.007 
MLE21 M.D.3|1.AB.90.95 Favites -23.169072 150.917517 -1.01 2.7000 ± 0.0011 2.3260 ± 0.0030 55.2 ± 0.2 0.0157 ± 0.0001 1.499 ± 0.007 1.413 ± 0.008 
MLE23 M.D.3|1.AB.40.45 Acropora -23.169072 150.917517 -0.27 3.2996 ± 0.0058 2.2990 ± 0.0020 13.4 ± 0.1 0.0031 ± 0.0000 0.292 ± 0.003 0.210 ± 0.005 
MLE29 M.D.3|1.AB.10.15 Acropora -23.169072 150.917517 0.17 3.3608 ± 0.0059 3.3290 ± 0.0210 1.7 ± 0.0 0.0006 ± 0.0000 0.053 ± 0.001 -0.034 ± 0.005 
MLD31 M.D.3|2.AB.135.140 Acropora -23.169042 150.917450 -1.91 3.8021 ± 0.0024 1.8330 ± 0.0020 97.5 ± 0.5 0.0155 ± 0.0001 1.487 ± 0.008 1.411 ± 0.010 
MLF22 M.D.3|2.AB.70.75 Acropora -23.169042 150.917450 -0.87 3.5770 ± 0.0023 0.6359 ± 0.0010 217.7 ± 1.5 0.0128 ± 0.0001 1.222 ± 0.008 1.151 ± 0.008 
MLF23 M.D.3|2.AB.10.15 Acropora -23.169042 150.917450 0.16 3.2664 ± 0.0021 0.9402 ± 0.0019 2.2 ± 0.1 0.0002 ± 0.0000 0.020 ± 0.001 -0.054 ± 0.002 
MLD32 M.S1.3|1.AB.130.135 Acropora -23.169342 150.917342 -3.58 3.4406 ± 0.0017 2.5170 ± 0.0020 23.7 ± 0.1 0.0057 ± 0.0000 0.546 ± 0.003 0.464 ± 0.010 
MLE25 M.S1.3|1.AB.80.85 Acropora -23.169342 150.917342 -3.00 3.4188 ± 0.0023 4.3020 ± 0.0240 4.6 ± 0.1 0.0019 ± 0.0000 0.182 ± 0.002 0.090 ± 0.006 
MLE27 M.S1.3|1.AB.35.40 Acropora -23.169342 150.917342 -2.42 3.6190 ± 0.0037 1.1520 ± 0.0060 4.9 ± 0.1 0.0005 ± 0.0000 0.049 ± 0.001 -0.025 ± 0.002 
MLF24 M.S1.3|1.AB.50.55 Acropora -23.169342 150.917342 -2.62 3.4341 ± 0.0014 0.3801 ± 0.0009 13.3 ± 0.4 0.0005 ± 0.0000 0.046 ± 0.001 -0.024 ± 0.002 
MLF25 M.S1.3|1.AB.20.25 Acropora -23.169342 150.917342 -2.23 3.4622 ± 0.0016 0.4722 ± 0.0007 4.9 ± 0.1 0.0002 ± 0.0000 0.021 ± 0.001 -0.050 ± 0.001 
MLD33 M.S1.3|2.AB.110.115 Acropora -23.169256 150.917336 -3.27 3.5900 ± 0.0018 1.7040 ± 0.0020 40.3 ± 0.3 0.0063 ± 0.0000 0.603 ± 0.004 0.527 ± 0.007 
MLF26 M.S1.3|2.AB.15.20 Acropora -23.169256 150.917336 -1.86 3.6850 ± 0.0021 2.2083 ± 0.0025 2.0 ± 0.1 0.0004 ± 0.0000 0.038 ± 0.001 -0.042 ± 0.003 
MLD34 M.S1.3|3.AB.40.50 Acropora -23.169339 150.917200 -3.22 3.3860 ± 0.0022 0.3840 ± 0.0010 10.7 ± 0.3 0.0004 ± 0.0000 0.038 ± 0.001 -0.028 ± 0.002 
MLF27 M.S1.3|3.AB.30.35 Acropora -23.169339 150.917200 -2.84 3.5542 ± 0.0025 0.4489 ± 0.0015 9.7 ± 0.2 0.0004 ± 0.0000 0.038 ± 0.001 -0.032 ± 0.002 
MLF28 M.S1.3|3.AB.10.15 Acropora -23.169339 150.917200 -2.32 3.3916 ± 0.0026 0.7969 ± 0.0010 5.6 ± 0.1 0.0004 ± 0.0000 0.042 ± 0.001 -0.031 ± 0.002 
                                    
  North Keppel reef                                  
MLD35 N.P.3|3.AB.90.95 Acropora -23.080633 150.895800 -1.84 3.4035 ± 0.0011 2.5840 ± 0.0040 284.6 ± 0.8 0.0712 ± 0.0002 6.994 ± 0.017 6.910 ± 0.020 
MLE03 N.P.3|3.AB.10.15 Montipora -23.080633 150.895800 -0.90 3.7387 ± 0.0030 2.5350 ± 0.0060 308.0 ± 0.9 0.0688 ± 0.0001 6.750 ± 0.015 6.669 ± 0.015 
MLE06 N.P.3|3.CD.45.50 Acropora -23.080633 150.895800 0.29 3.7556 ± 0.0021 2.9420 ± 0.0040 257.5 ± 0.5 0.0665 ± 0.0001 6.518 ± 0.014 6.435 ± 0.014 
MLE33 N.P.3|3.CD.10.15 Montipora -23.080633 150.895800 0.70 4.1389 ± 0.0028 11.0250 ± 0.0290 67.9 ± 0.2 0.0596 ± 0.0001 5.794 ± 0.012 5.675 ± 0.016 
MLD36 N.P.3|4.AB.85.90 Acropora -23.080633 150.895767 -1.47 3.3480 ± 0.0022 1.0440 ± 0.0010 678.4 ± 2.0 0.0697 ± 0.0002 6.827 ± 0.021 6.756 ± 0.021 
MLF29 N.P.3|4.CD.95.100 Acropora -23.080633 150.895767 -0.42 3.5345 ± 0.0020 2.4661 ± 0.0035 300.1 ± 0.8 0.0690 ± 0.0002 6.778 ± 0.018 6.696 ± 0.018 
MLF30 N.P.3|4.CD.45.50 Montipora -23.080633 150.895767 0.23 3.8900 ± 0.0022 7.7680 ± 0.0124 101.7 ± 0.4 0.0669 ± 0.0002 6.568 ± 0.023 6.460 ± 0.024 
MLF31 N.P.3|4.CD.25.30 Acropora -23.080633 150.895767 0.49 4.6367 ± 0.0020 20.0866 ± 0.0295 40.2 ± 0.1 0.0575 ± 0.0002 5.611 ± 0.019 5.455 ± 0.026 
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MLD37 N.D.3|1.AB.175.180 Acropora -23.083617 150.898833 -2.88 3.2746 ± 0.0017 3.6590 ± 0.0050 128.5 ± 0.4 0.0473 ± 0.0001 4.604 ± 0.013 4.512 ± 0.019 
MLF32 N.D.3|1.CD.100.105 Acropora -23.083617 150.898833 -0.30 3.6003 ± 0.0019 0.8754 ± 0.0010 554.1 ± 2.2 0.0444 ± 0.0002 4.313 ± 0.017 4.240 ± 0.017 
MLF33 N.D.3|1.CD.20.25 Acropora -23.083617 150.898833 0.69 3.4095 ± 0.0022 0.6865 ± 0.0009 644.6 ± 2.6 0.0428 ± 0.0002 4.154 ± 0.017 4.081 ± 0.017 
MLD38 N.D.3|2.AB.175.180 Unknown -23.083633 150.898800 -3.75 3.5968 ± 0.0024 0.4970 ± 0.0010 1056.3 ± 2.6 0.0481 ± 0.0001 4.681 ± 0.009 4.614 ± 0.009 
MLE11 N.D.3|2.AB.10.15 Acropora -23.083633 150.898800 -1.97 3.5201 ± 0.0021 2.5870 ± 0.0020 194.3 ± 0.5 0.0471 ± 0.0001 4.571 ± 0.014 4.489 ± 0.014 
MLE13 N.D.3|2.CD.35.40 Acropora -23.083633 150.898800 -0.18 3.9076 ± 0.0017 3.3110 ± 0.0060 160.1 ± 0.4 0.0447 ± 0.0001 4.325 ± 0.010 4.241 ± 0.011 
MLE31 N.D.3|2.EF.20.25 Acropora -23.083633 150.898800 0.71 4.0415 ± 0.0028 0.3580 ± 0.0010 1526.1 ± 4.4 0.0446 ± 0.0001 4.327 ± 0.012 4.257 ± 0.012 
MLF34 N.D.3|2.CD.95.100 Acropora -23.083633 150.898800 -0.87 4.2293 ± 0.0029 1.6319 ± 0.0013 362.1 ± 0.9 0.0460 ± 0.0001 4.483 ± 0.013 4.408 ± 0.013 
MLB05 N.S1.2|1.CD.3.18 Acropora -23.085894 150.896333 -3.29 3.5601 ± 0.0024 5.7600 ± 0.0070 1.6 ± 0.0 0.0008 ± 0.0000 0.081 ± 0.001 -0.025 ± 0.021 
MLD39 N.S1.2|1.AB.20.25 Acropora -23.085894 150.896333 -5.86 3.5408 ± 0.0019 1.7020 ± 0.0030 72.6 ± 0.3 0.0115 ± 0.0001 1.101 ± 0.005 1.025 ± 0.008 
MLF35 N.S1.2|1.CD.160.165 Acropora -23.085894 150.896333 -5.02 3.7636 ± 0.0017 1.1737 ± 0.0021 117.4 ± 0.7 0.0121 ± 0.0001 1.155 ± 0.007 1.081 ± 0.007 
MLF36 N.S1.2|1.CD.80.85 Acropora -23.085894 150.896333 -4.08 3.8312 ± 0.0019 0.1637 ± 0.0006 334.7 ± 2.3 0.0047 ± 0.0000 0.449 ± 0.003 0.381 ± 0.003 
MLF37 N.S1.2|1.CD.25.30 Acropora -23.085894 150.896333 -3.43 3.7504 ± 0.0015 1.2210 ± 0.0014 23.3 ± 0.2 0.0025 ± 0.0000 0.238 ± 0.002 0.164 ± 0.003 
MLB06 N.S1.2|2.CD.20.25 Acropora -23.085889 150.896444 -3.80 3.8578 ± 0.0026 0.4600 ± 0.0010 10.6 ± 0.2 0.0004 ± 0.0000 0.039 ± 0.001 -0.027 ± 0.002 
MLD40 N.S1.2|2.AB.35.40 Acropora -23.085889 150.896444 -5.80 3.6205 ± 0.0035 1.8160 ± 0.0020 206.2 ± 0.6 0.0341 ± 0.0001 3.300 ± 0.010 3.224 ± 0.012 
MLE14 N.S1.2|2.CD.160.165 Acropora -23.085889 150.896444 -5.37 3.9110 ± 0.0027 0.7320 ± 0.0010 184.2 ± 1.0 0.0114 ± 0.0001 1.087 ± 0.006 1.015 ± 0.006 
MLE18 N.S1.2|2.CD.60.65 Acropora -23.085889 150.896444 -4.25 3.6144 ± 0.0019 5.4200 ± 0.0070 11.2 ± 0.1 0.0055 ± 0.0000 0.525 ± 0.003 0.429 ± 0.007 
MLA11 N.S1.2|3.AB.255.260 Unknown -23.085575 150.897500 -5.85 3.6529 ± 0.0039 8.1900 ± 0.0140 18.5 ± 0.1 0.0136 ± 0.0000 1.307 ± 0.005 1.187 ± 0.029 
MLB07 N.S1.2|3.AB.15.20 Acropora -23.085575 150.897500 -2.82 3.7614 ± 0.0027 1.7300 ± 0.0020 3.3 ± 0.1 0.0005 ± 0.0000 0.047 ± 0.001 -0.028 ± 0.006 
MLF38 N.S1.2|3.AB.230.235 Acropora -23.085575 150.897500 -5.39 3.7607 ± 0.0020 0.6237 ± 0.0010 208.6 ± 1.1 0.0114 ± 0.0001 1.090 ± 0.006 1.019 ± 0.006 
MLF39 N.S1.2|3.AB.180.185 Pocillopora -23.085575 150.897500 -4.77 2.9134 ± 0.0012 0.7680 ± 0.0009 105.9 ± 0.9 0.0092 ± 0.0001 0.880 ± 0.008 0.806 ± 0.008 
MLF40 N.S1.2|3.AB.110.115 Acropora -23.085575 150.897500 -3.91 3.4686 ± 0.0020 2.2703 ± 0.0028 15.4 ± 0.2 0.0033 ± 0.0000 0.316 ± 0.004 0.235 ± 0.005 
MLF41 N.S1.2|3.AB.40.45 Acropora -23.085575 150.897500 -3.05 3.5707 ± 0.0014 0.9863 ± 0.0012 5.4 ± 0.2 0.0005 ± 0.0000 0.047 ± 0.002 -0.027 ± 0.003 
MLB08 N.S2.2|1.D1D2.22.27 Acropora -23.085183 150.899108 -3.58 3.9881 ± 0.0029 1.6200 ± 0.0020 3.2 ± 0.1 0.0004 ± 0.0000 0.041 ± 0.001 -0.033 ± 0.005 
MLC02 N.S2.2|1.AB.140.145 Stylophora -23.085183 150.899108 -7.71 2.5009 ± 0.0015 3.9200 ± 0.0100 33.4 ± 0.2 0.0173 ± 0.0001 1.660 ± 0.008 1.556 ± 0.022 
MLC03 N.S2.2|1.AB.35.40 Lobophyllia -23.085183 150.899108 -6.47 2.4516 ± 0.0013 2.0840 ± 0.0040 37.2 ± 0.2 0.0104 ± 0.0001 0.998 ± 0.006 0.912 ± 0.012 
MLC04 N.S2.2|1.C1C2.35.40 Acropora -23.085183 150.899108 -5.04 3.7191 ± 0.0028 0.7550 ± 0.0010 74.8 ± 0.4 0.0050 ± 0.0000 0.479 ± 0.002 0.410 ± 0.004 
MLE26 N.S2.2|1.D1D2.75.80 Montipora -23.085183 150.899108 -4.20 3.8474 ± 0.0031 4.7520 ± 0.0080 11.3 ± 0.1 0.0046 ± 0.0000 0.436 ± 0.003 0.345 ± 0.006 
MLE28 N.S2.2|1.D1D2.40.45 Acropora -23.085183 150.899108 -3.79 3.5108 ± 0.0082 1.0890 ± 0.0010 7.6 ± 0.1 0.0008 ± 0.0000 0.074 ± 0.001 0.000 ± 0.002 
MLF42 N.S2.2|1.AB.115.120 Acropora -23.085183 150.899108 -7.62 4.0376 ± 0.0024 0.3308 ± 0.0006 427.0 ± 1.7 0.0115 ± 0.0000 1.107 ± 0.004 1.038 ± 0.004 
MLF43 N.S2.2|1.AB.65.70 Acropora -23.085183 150.899108 -7.04 3.4131 ± 0.0013 0.9118 ± 0.0010 130.2 ± 0.7 0.0115 ± 0.0001 1.098 ± 0.006 1.025 ± 0.006 
MLF44 N.S2.2|1.D1D2.105.110 Acropora -23.085183 150.899108 -4.55 4.0774 ± 0.0020 0.3850 ± 0.0008 150.7 ± 1.4 0.0047 ± 0.0000 0.448 ± 0.004 0.379 ± 0.004 
MLF45 N.S2.2|1.D1D2.65.70 Montipora -23.085183 150.899108 -4.08 3.2213 ± 0.0021 3.1953 ± 0.0034 13.5 ± 0.2 0.0044 ± 0.0001 0.421 ± 0.005 0.332 ± 0.007 
MLB09 N.S2.2|2.CD.25.30 Acropora -23.085206 150.899128 -3.10 3.6645 ± 0.0024 1.2900 ± 0.0020 4.5 ± 0.1 0.0005 ± 0.0000 0.050 ± 0.001 -0.023 ± 0.005 
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MLE20 N.S2.2|2.AB.135.140 Acropora -23.085206 150.899128 -6.57 4.2473 ± 0.0049 8.9540 ± 0.0120 17.4 ± 0.1 0.0121 ± 0.0000 1.153 ± 0.005 1.045 ± 0.010 
MLF46 N.S2.2|2.AB.10.15 Acropora -23.085206 150.899128 -5.09 3.5286 ± 0.0026 0.4267 ± 0.0007 120.8 ± 1.3 0.0048 ± 0.0000 0.460 ± 0.005 0.389 ± 0.005 
MLF47 N.S2.2|2.CD.125.130 Acropora -23.085206 150.899128 -4.29 3.8578 ± 0.0033 1.3461 ± 0.0014 41.7 ± 0.3 0.0048 ± 0.0000 0.458 ± 0.004 0.383 ± 0.004 
MLF48 N.S2.2|2.CD.55.60 Acropora -23.085206 150.899128 -3.45 3.5108 ± 0.0035 0.9954 ± 0.0017 7.4 ± 0.2 0.0007 ± 0.0000 0.066 ± 0.001 -0.008 ± 0.002 
MLF49 N.S2.2|2.CD.30.35 Acropora -23.085206 150.899128 -3.16 3.5391 ± 0.0017 0.9045 ± 0.0014 6.2 ± 0.2 0.0005 ± 0.0000 0.050 ± 0.001 -0.023 ± 0.002 
MLA12 N.S2.2|3.AB.220.225 Unknown -23.085164 150.899303 -6.21 2.8171 ± 0.0020 0.9300 ± 0.0020 65.1 ± 0.3 0.0071 ± 0.0000 0.674 ± 0.003 0.603 ± 0.005 
MLB10 N.S2.2|3.AB.22.27 Acropora -23.085164 150.899303 -3.13 4.0575 ± 0.0028 2.5300 ± 0.0040 2.7 ± 0.1 0.0006 ± 0.0000 0.053 ± 0.001 -0.026 ± 0.008 
MLF50 N.S2.2|3.AB.190.195 Acropora -23.085164 150.899303 -5.53 3.4336 ± 0.0022 0.5097 ± 0.0013 103.3 ± 0.9 0.0051 ± 0.0000 0.481 ± 0.004 0.410 ± 0.004 
MLF51 N.S2.2|3.AB.100.105 Acropora -23.085164 150.899303 -4.24 3.9822 ± 0.0030 2.4718 ± 0.0022 22.4 ± 0.2 0.0046 ± 0.0000 0.437 ± 0.004 0.357 ± 0.005 
MLF52 N.S2.2|3.AB.75.80 Acropora -23.085164 150.899303 -3.88 3.7689 ± 0.0025 0.4513 ± 0.0007 15.5 ± 0.3 0.0006 ± 0.0000 0.058 ± 0.001 -0.012 ± 0.002 
MLF53 N.S2.2|3.AB.35.40 Acropora -23.085164 150.899303 -3.31 4.0255 ± 0.0025 0.3345 ± 0.0008 20.6 ± 0.5 0.0006 ± 0.0000 0.054 ± 0.001 -0.016 ± 0.002 
MLB11 N.S3.2|1.CD.22.27 Acropora -23.086150 150.895106 -2.09 3.6559 ± 0.0031 0.8400 ± 0.0010 4.9 ± 0.1 0.0004 ± 0.0000 0.035 ± 0.001 -0.034 ± 0.003 
MLD41 N.S3.2|1.AB.70.75 Acropora -23.086150 150.895106 -4.73 3.6851 ± 0.0015 4.1620 ± 0.0050 45.9 ± 0.2 0.0171 ± 0.0001 1.639 ± 0.007 1.547 ± 0.016 
MLF54 N.S3.2|1.CD.170.175 Acropora -23.086150 150.895106 -3.85 3.8979 ± 0.0027 0.3494 ± 0.0007 392.5 ± 1.8 0.0116 ± 0.0000 1.110 ± 0.005 1.041 ± 0.005 
MLF55 N.S3.2|1.CD.105.110 Acropora -23.086150 150.895106 -3.08 3.5862 ± 0.0016 0.6937 ± 0.0011 182.7 ± 1.1 0.0116 ± 0.0001 1.117 ± 0.007 1.045 ± 0.007 
MLF56 N.S3.2|1.CD.70.75 Acropora -23.086150 150.895106 -2.66 3.7031 ± 0.0015 0.8700 ± 0.0013 69.8 ± 0.8 0.0054 ± 0.0001 0.515 ± 0.006 0.443 ± 0.006 
MLF57 N.S3.2|1.CD.40.45 Acropora -23.086150 150.895106 -2.31 3.3764 ± 0.0016 0.0700 ± 0.0003 81.1 ± 1.6 0.0006 ± 0.0000 0.053 ± 0.001 -0.016 ± 0.001 
MLB12 N.S3.2|2.CD.18.23 Acropora -23.086189 150.895186 -1.82 3.5477 ± 0.0034 0.3700 ± 0.0000 11.5 ± 0.2 0.0004 ± 0.0000 0.038 ± 0.001 -0.028 ± 0.001 
MLD42 N.S3.2|2.CD.225.230 Acropora -23.086189 150.895186 -4.03 3.4025 ± 0.0020 2.8920 ± 0.0060 47.6 ± 0.2 0.0133 ± 0.0001 1.278 ± 0.005 1.192 ± 0.012 
MLF58 N.S3.2|2.CD.115.120 Acropora -23.086189 150.895186 -2.95 3.7748 ± 0.0016 0.7174 ± 0.0010 79.5 ± 0.6 0.0050 ± 0.0000 0.476 ± 0.004 0.404 ± 0.004 
MLF59 N.S3.2|2.CD.85.90 Acropora -23.086189 150.895186 -2.60 3.9981 ± 0.0021 1.2437 ± 0.0016 47.1 ± 0.4 0.0048 ± 0.0000 0.461 ± 0.004 0.387 ± 0.004 
MLF60 N.S3.2|2.CD.35.40 Acropora -23.086189 150.895186 -2.02 3.5441 ± 0.0026 0.7397 ± 0.0011 6.6 ± 0.2 0.0005 ± 0.0000 0.044 ± 0.001 -0.029 ± 0.002 
MLB13 N.S3.2|3.CD.17.22 Acropora -23.086186 150.895264 -2.57 3.5115 ± 0.0026 2.2500 ± 0.0020 2.0 ± 0.0 0.0004 ± 0.0000 0.041 ± 0.001 -0.039 ± 0.008 
MLD43 N.S3.2|3.AB.40.45 Acropora -23.086186 150.895264 -4.40 3.5935 ± 0.0017 1.1580 ± 0.0020 114.0 ± 0.4 0.0121 ± 0.0000 1.161 ± 0.004 1.089 ± 0.006 
MLF61 N.S3.2|3.CD.100.105 Acropora -23.086186 150.895264 -3.53 3.8574 ± 0.0019 0.7339 ± 0.0011 77.0 ± 0.7 0.0048 ± 0.0000 0.461 ± 0.004 0.389 ± 0.004 
MLF62 N.S3.2|3.CD.70.75 Acropora -23.086186 150.895264 -3.18 3.9629 ± 0.0020 1.4752 ± 0.0015 38.5 ± 0.3 0.0047 ± 0.0000 0.451 ± 0.004 0.375 ± 0.004 
MLF63 N.S3.2|3.CD.35.40 Acropora -23.086186 150.895264 -2.78 3.4631 ± 0.0018 1.4113 ± 0.0016 4.2 ± 0.1 0.0006 ± 0.0000 0.054 ± 0.001 -0.022 ± 0.003 
MLF64 N.S3.2|3.CD.25.30 Acropora -23.086186 150.895264 -2.66 3.5283 ± 0.0017 0.4270 ± 0.0009 9.5 ± 0.2 0.0004 ± 0.0000 0.036 ± 0.001 -0.034 ± 0.002 
 
Note. Elevation relative to mean lowest astronomical tide (LAT). Geographic location in decimal degrees (dd). Images of each sample shown in Figure 2. Sample name code: (1) reef, H = Halfway, M = Middle, N = North Keppel; (2) reef 
environment, P = proximal reef flat, D = distal reef flat, S1–3 = reef slope 1–3; (3) year collected, 2 = 2012, 3 = 2013; (4) sample type, “|” = percussion core; (5) core index; (6) core segment; (7) core depth at the start of 5 cm section from where 
the sample was taken; (8) core depth at the end of 5 cm section from where the sample was taken. 
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Figure A-1. Photographs of dated coral fragments in cores collected from the northern Keppel Islands. See 
Table A-1 for more information about each sample. 
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Figure A-2. Images produced with a computed tomography scan of reef framework cores from Halfway, 
Middle and North Keppel reefs in the northern Keppel Islands. Core name, latitude and longitude (decimal 
degrees) and collection date are indicated at the top of each core image. Sample ID, U-Th age [(ka) calendar 
thousand years before 1950 CE] and 2 σ age error are indicated along each core (distance from core top in cm). 
See Table A-1 for information about each sample and Figure A-1 for images. 
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B. Appendix to Chapter 2 
Table B-1 
Percent composition of coral genera in nine cores 
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Interval Core % % % % % % % % % % % % % 
I H.P.3|2 59 0 0 0 0 0 0 38 0.1 0 0 0 3.1 
I H.D.3|1 90 0 0 0 0 0 0 0.4 0.9 0 0 0 9 
I H.S2.2|1 80 0 0 0 0 0 0.1 13 0.3 0.1 0.1 0.1 6.5 
I N.P.3|3 40 0 0 0.4 0 0 0.1 42 0.4 0.7 0.1 0 17 
II N.D.3|2 59 0.1 0 0.5 0 0 0 30 0.8 0.1 0.1 0 10 
III M.P.3|4 92 0 0 0 0 0.1 0.5 0.3 0.3 0.2 0.1 0 6.8 
IV M.D.3|1 88 0 0.6 0 0 0.1 0.1 0 0.5 0.1 0.3 0 11 
IV M.S1.3|1 86 0 0 0 0 0 0.1 7.2 1.1 0.2 0.9 0 4.4 
IV N.S2.2|1 75 0 0 0 0.1 0 9.4 6.1 0.6 0.1 1.1 1.1 7.5 
 
Note. Nine cores logged every second 5 cm section and representing each reef, reef environment and reef 
development interval (as shown in Table 2-1 and Figure 2-2). Acropora is the most abundant genus in all 
cores except N.P.3|3 where Montipora was slightly more abundant (bold font face). Core name code: (1) 
reef, H = Halfway, M = Middle, N = North Keppel; (2) reef environment, P = proximal reef flat, D = distal 
reef flat, S1–3 = reef slope 1–3; (3) year collected, 2 = 2012, 3 = 2013; (4) sample type, “|” = percussion 
core; (5) core index. 
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Table B-2 
Similarity percent (SIMPER) analysis results 
  
  
Contribution SD 
Ratio 
contribution/SD 
Cumulative 
contribution 
Contrast: I_II     
 Acropora 0.307 0.214 1.436 56% 
 Montipora 0.233 0.221 1.054 98% 
 Pocillopora 0.006 0.022 0.273 99% 
 Favites 0.003 0.021 0.166 100% 
 Porites 0.001 0.007 0.171 100% 
 Seriatopora 0.000 0.001 0.228 100% 
 Astreopora 0.000 0.001 0.151 100% 
 Stylophora 0.000 0.001 0.120 100% 
 Lobophyllia 0.000 0.001 0.158 100% 
      
Contrast: I_III     
 Acropora 0.343 0.235 1.459 70% 
 Montipora 0.135 0.214 0.632 98% 
 Lobophyllia 0.003 0.009 0.325 99% 
 Pocillopora 0.003 0.006 0.478 99% 
 Porites 0.002 0.008 0.249 100% 
 Goniastrea 0.001 0.002 0.257 100% 
 Favites 0.000 0.003 0.108 100% 
 Seriatopora 0.000 0.001 0.238 100% 
 Stylophora 0.000 0.001 0.120 100% 
      
Contrast: I_IV     
 Acropora 0.363 0.247 1.472 64% 
 Montipora 0.158 0.234 0.676 92% 
 Lobophyllia 0.024 0.107 0.224 97% 
 Seriatopora 0.006 0.023 0.271 98% 
 Pocillopora 0.006 0.019 0.306 99% 
 Stylophora 0.004 0.017 0.237 100% 
 Porites 0.002 0.009 0.175 100% 
 Favia 0.001 0.005 0.124 100% 
 Favites 0.000 0.003 0.107 100% 
 Goniastrea 0.000 0.001 0.107 100% 
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Contribution SD 
Ratio 
contribution/SD 
Cumulative 
contribution 
 Galaxea 0.000 0.000 0.100 100% 
      
Contrast: II_III     
 Acropora 0.315 0.225 1.400 59% 
 Montipora 0.202 0.226 0.894 98% 
 Pocillopora 0.006 0.022 0.272 99% 
 Favites 0.003 0.020 0.154 99% 
 Lobophyllia 0.003 0.008 0.316 100% 
 Porites 0.001 0.003 0.279 100% 
 Goniastrea 0.000 0.002 0.258 100% 
 Astreopora 0.000 0.001 0.152 100% 
 Seriatopora 0.000 0.000 0.341 100% 
      
Contrast: II_IV     
 Acropora 0.340 0.241 1.409 56% 
 Montipora 0.222 0.244 0.909 93% 
 Lobophyllia 0.021 0.097 0.222 96% 
 Pocillopora 0.009 0.027 0.317 98% 
 Seriatopora 0.005 0.018 0.280 99% 
 Favites 0.003 0.022 0.153 99% 
 Stylophora 0.003 0.014 0.238 100% 
 Favia 0.001 0.005 0.124 100% 
 Porites 0.000 0.001 0.248 100% 
 Astreopora 0.000 0.001 0.151 100% 
 Goniastrea 0.000 0.001 0.109 100% 
 Galaxea 0.000 0.000 0.101 100% 
      
Contrast: III_IV     
 Acropora 0.385 0.281 1.370 85% 
 Lobophyllia 0.027 0.107 0.251 90% 
 Montipora 0.025 0.097 0.255 96% 
 Seriatopora 0.006 0.028 0.227 97% 
 Pocillopora 0.006 0.022 0.261 99% 
 Stylophora 0.004 0.022 0.191 99% 
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Contribution SD 
Ratio 
contribution/SD 
Cumulative 
contribution 
 Porites 0.001 0.004 0.290 100% 
 Favia 0.001 0.005 0.124 100% 
 Goniastrea 0.001 0.002 0.275 100% 
 Galaxea 0.000 0.000 0.080 100% 
      
Contrast: before_since     
 Acropora 0.343 0.233 1.476 70% 
 Montipora 0.125 0.194 0.644 96% 
 Lobophyllia 0.009 0.065 0.137 98% 
 Seriatopora 0.005 0.013 0.342 98% 
 Pocillopora 0.004 0.015 0.232 99% 
 Stylophora 0.001 0.010 0.150 99% 
 Porites 0.001 0.005 0.230 100% 
 Favites 0.001 0.010 0.083 100% 
 Favia 0.001 0.003 0.150 100% 
 Goniastrea 0.000 0.001 0.097 100% 
 Astreopora 0.000 0.000 0.070 100% 
 Galaxea 0.000 0.000 0.064 100% 
Note. Average contribution of coral genera to the overall average dissimilarity between sample groups [i.e. 
pairs of reef development intervals or between pre- and since European development (~0.127 ka)]. Table 2-3  
shows a summary for only the most- and second-most influential. 
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Figure B-1. Results of analyses of similarity (ANOSIM). (a) ANOSIM tests for changes in coral 
assemblages among reef development intervals (as per Table 2-1) and, (b) before and since European 
development (boundary defined at 0.127 ka) in analyses of absolute abundance. 
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C. Appendix to Chapter 3 
Methods 
Chapter 2 used 33 cores whereas chapter 3 used only 29 cores. Four cores that were used in 
chapter 2 were not suitable for chapter 3 because it was not possible to calculate reef accretion rates 
reliably: 
• Cores HW.RFSL.13.PC.2 and HW.S3.13.PC.3 were excluded because they contained 
a single U-Th age determination so it was not possible to calculate reef accretion rates 
as the slope coefficient of a linear regression (for which a minimum of two dates are 
required). 
• Core HW.RFSL.13.PC.1 was excluded because it was considered not representative 
of the reef chronology. It was a ~50cm long core which dated in the mid-Holocene at 
the bottom and in the late-Holocene at the top. This core had a single date in the mid-
Holocene so it was not possible to calculate a reliable accretion rate in for this period. 
Although it had two dates in the late-Holocene, both dates were equivalent to three 
decimal places. The calculation of accretion rate as the slope coefficient of the linear 
regression between these two equivalent ages is infinity so it is biologically 
meaningless. 
• Core MI.S1.13.PC.3 also resulted in a meaningless accretion rate and was considered 
not representative of the reef chronology. It was ~55cm long and dated in the late-
Holocene. Three U-Th dates were obtained along the extension of this core but the 
separation in time between them was less than 8 years. The bottom date was an age 
reversal and the calculation of the accretion rate using the remaining two dates resulted 
in an outlier two orders of magnitude higher than the mean accretion rate during the 
same period (142.3 m/kyr compared to a mean of 2.96 ± 0.51 m/ka during the late-
Holocene). 
In addition, chapter 2 used 154 U-Th age determinations whereas chapter 3 used only 141. 
• Chapter 2 used 13 U-Th dates less than chapter 3. Eight of those 13 dates belong to 
cores that were excluded from chapter 2 because those cores were not suitable (as 
explained above). These dates were (core_ID): W.RFSL.13.PC.1_MLD23, 
HW.RFSL.13.PC.1_MLE32, HW.RFSL.13.PC.1_MLE42, 
HW.RFSL.13.PC.2_MLD24, HW.S3.13.PC.3_MLD27, MI.S1.13.PC.3_MLD34, 
MI.S1.13.PC.3_MLF27, MI.S1.13.PC.3_MLF28. The remaining five dates were 
excluded because they were not representative of the reef chronology but were clearly 
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modern coral colonies growing on the reef surface. These were single dates from 
approximately the present day at the top of cores in which all other dates were from 
the mid-Holocene (Figure A-2). Those dates were (core_ID): 
HW.S1.12.PC.1_MLB14, HW.S1.12.PC.3_MLB16, HW.S2.12.PC.1_MLB17, 
HW.S2.12.PC.2_MLB18, HW.S2.12.PC.3_MLB19. 
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Continues below. 
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Figure C-1. Visualisation of filtered data. Age reversals (red points) and samples younger than 0 ka (blue 
points) were excluded from analyses of reef accretion rates. Grey points and lines indicate core sections that 
presumably accreted constrained by sea-level. Sample ID of age reversals and samples in core sections 
constrained by sea-level are shown in red and grey text, respectively. Colour lines link samples in cores 
including (dotted lines) and excluding (full lines) age reversals and ages < 0 ka. In addition, samples with ID 
labelled green were removed because they constrain unreliable accretion rates, higher than two standard 
deviations from the overall mean accretion rate.  
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Figure C-2. Average percentage of framework and detrital composition. Average per cent framework 
(coral > 4 mm) and detrital (sediments size fraction 0.063–0.425 mm and 0.425–4 mm) composition in 
eight cores representative of reef flats (n = 4, white fill) and slopes (n = 4, grey fill). 
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Figure C-3. Percentage of coral and sediment composition. Percent coral (> 4 mm, lighter shade) and 
sediment composition [size fraction 0.063–0.425 mm (medium shade) and 0.425–4 mm (darker 
shade)] along eight cores representative of reef flats (n = 4) and slopes (n = 4) and U-Th age and error 
(years before 1950 CE). Panel codes show reef name (H = Halfway; M = Middle; N = North Keppel), 
site (P = proximal reef flat; D = distal reef flat; S1–2 = reef slope), core number (1–4). 
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Figure C-4. Linear regression model of the age-elevation relationship of a subset of data from cores 
extracted from reef flats on the GBR (Perry &  Smithers, 2011). The selected data includes only cores 
containing two or more ages dating between 3.2–1.2 ka. (a) All dates included. (b) Excluding age 
reversals (Table 3-3). Lines represent the mean accretion rate of each core estimated as the slope 
coefficient of the model (plotted numbers indicate the model coefficients in the format “slope|R2”). Grey 
horizontal line at y = 0 represents current sea-level and grey crosses indicate the position of palaeo sea-
level and error (after Lewis et al., 2008 ). 
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D. Appendix to Chapter 4 
Continues below. 
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Figure D-1. Schematic representation of nine reef matrix cores collected from three reefs in the northern 
Keppel islands. From each core (vertical thin lines), the relative abundance of the skeletal remains of different 
reef-building coral genera was measured using every second 5 cm increment (filled circles), except when such 
section contained no coral (e.g. near the bottom of cores H.S2.1 and H.S2.2). Also shown are the sample ID 
(Table A-1), Uranium-Thorium age [years before present (1950)] and error (2 SD from the mean error) of 
radiometrically dated coral samples along each core (54 in total). Core name code: (1st) reef H = Halfway, M 
= Middle, N = North Keppel; (2nd) site, P = proximal reef flat, D = distal reef flat, S1–2 = reef slope 1–2; (3rd) 
core number. Core sections dating from the modern (grey points; defined from 0.127 ka to the present day, i.e. 
since European development in Queensland) were excluded (this study used modern communities from benthic 
surveys of live coral in 2012 and 2013). The remaining core sections dated either during the mid- (8–4 ka) or 
the late-Holocene (4–0.127 ka).  
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Figure D-2. Water depth at which reef-building coral communities, collected from reef slope and reef flat sites 
from the northern Keppel Islands, occurred from 7.5 ka to the present day. The thick lines represent individual 
cores collected from reef flat (grey) and slope (black) environments; each core represents one local community. 
Each black point represents one reef slope site from which four benthic transects were surveyed in 2012 and 
2013. Each benthic transect represents one modern local community. The grey error bars indicate the 
variability in water depth among the four modern local communities from each site. Core and site codes: (1st) 
reef, H = Halfway, M = Middle, N = North Keppel; (2nd) site,  S1-3 = reef slope 1-3, P = proximal reef flat,  
D = distal reef flat, (3rd, only shown for mid- and late-Holocene communities) core number.  
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Figure D-3. Two-dimensional non-metric multidimensional scaling (MDS) ordination of the relative 
abundance of reef-building coral communities from the mid-Holocene, the late-Holocene and the modern time 
intervals, from the northern Keppel Islands (southern Great Barrier Reef). Bubble size in each panel is 
proportional to the relative abundance of one specific coral genus, to highlight its contribution to shaping the 
MDS. The colour of the points indicates the time interval when each community occurred.  
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Figure D-4. Two-dimensional non-metric multidimensional scaling (MDS) ordination of the presence/absence 
of reef-building coral communities from the mid-Holocene, the late-Holocene and the modern time intervals, 
from the northern Keppel Islands (southern Great Barrier Reef). Bubble fill in each panel indicates if that 
particular genera is present or absent in each of the plotted local communities, to highlight its contribution to 
shaping the MDS. The colour of the points indicates the time interval in which each community occurred. 
 
